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Abstract 
Abstract 
This study was conducted in order to develop damping materia1s for practical applications, such 
as insulators for compact disk players and hard drive disks. Three types of styrene-based 
1nblock copolymers and various parafiinic oas were selected to produce physical gels with low 
modulus. These polymer gels can be shaped by injection moulding to reduce the total cost for 
mass production. 
The miscibi1ity and the morphology of the systems were examined by modulated-temperature 
differential scanning calorimeuy (M-lDSC), dynamic mechanical thermal analysis (DMTA), 
transmission electron microscopy (IEM) and sma11 angle X-ray scattering (SAXS). The 
experimental results showed that the glass transition temperatures of the mid blocks of the block 
copolymers swollen with the high Mw paraffinic oils obeyed the Fox equation. This means that 
the added paraffinic oil is selectively miscible with the mid blocks. However, it was also found, 
by TEM, that the polystyrene domains were also swollen by the low Mw paraflinic oil. 
The order-disordertransition behaviOW' of the block copolymers swollen with the paraffinic oils 
was also investigated by M-lDSe. It was found the order-disorder transition temperatUres, Tods, 
were readily detected as an abrupt step change in the heat capacity of these triblock copolymer 
gels. As a resu1t, it was confinned that the Tods were strongly dependent on the composition of 
the polymer and the molecular weights of both the polymer and the oil. 
The measurements of transmissibility of mechanical vibrations were conducted and damping 
parameters, such as the natura1 frequency and the damping ratio, were calculated by a theoretical 
model. The poly [styrene-b-vinyl-isoprene-~styrene] copolymer/paraffinic oil system showed a 
good performance with low transmissibility levels around the natural frequency. This means that 
this system has a high potential in practical applications. 
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Chapter 1 
Introduction and objectives 
1.1 Introduction 
Information technology is ~ing towards ever increasing speed of manipulation of data[!l. 
Thus, it is required that compact and bard disk drives as the cores of information tenninal 
devices can run at inaeasingly high speectsl21. It is vr:sy important for these devices not only to 
readlrecord the data accurately at high speed, but also to protect against the loss of data caused 
by accidental impact from outside of the devicesPl. The reliability for these information tenninal 
devices is getting more and more essential. 
For these devices vulcanised rubbers such as isobutylene-isoprene rubber have been utilised as 
damping iso1ators[4). Nevertheless, with the decreasing weight of the devices and disks, there has 
been an unpleasant problem that damping regions of the devices are reduced due to the shifting 
of the natura1 frequency of the systems to high frequency leve1s[S]. In order to so1vethis problem, 
designing isolators with complicated shape to obtain enough stifihess was applied practically!3l. 
This way, however, has induced inaeasing process costs because the complicated-shaped 
isolators require longer process times. From this point ofview, the development of soft damping 
materia1s that do not need complicated shapes is expected from industry. 
For damping materials for this practical application, it is believed that the following properties 
and performances are required[6-11I. 
(1) Lowmodulus 
(2) Low stress relaxation rate 
(3) Appropriately high loss fuctor 
(4) Possibility to mass produce items by an injection moulding process 
The reason for the condition (1) has already been described above. Regarding the condition (2), 
the following reason is given. When the damping materials are applied in practical applications, 
they are used in deformed statesPl. In thllt situation, if the stress experienced decreases 
1 
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immediately, the function of sustaining devices vanish. From this point of view, it is desirable to 
develop materials with low stress re1axation rate. Concerning the condition (3), the following 
explanation is necessaIY. The maximum peak of transmissibility observed around natural 
frequency of the practical system should be decreased. If the system does not have sufficient 
damping function, readingfrecording errors can be induced easily. From the viewpoint of 
vibration theoryl6011I, the value of the transmissibility peak depends on the loss factor of the 
systems[6011I. Therefore, with high loss factor, the value ofpeak of transmissibility decreases. On 
the other hand, with low loss fBctoI; the value of peak of transmissibility increases. Since the loss 
fiIctor depends on the ability for energy adsoIption ( tan li) of the damping materials for the 
practical devices[l2, 131, it is desirable to develop materials with appropriately high values of 
tan 6 . 
The reason for condition (4) is as follows. As desmbed earlier, the wlcanised rubbers are used 
in the practical applications. If damping materials can be fanned by an iI\iection moulding, not 
only removing the wlcanisation process, but also recyclable materials can be achieved[l4, 1'1. 
Consequently, it would be pOSSIble to reduce the total cost for the mass production. 
To fuIfi\ the above conditions, styrene-based tnblock copolymers were chosen for this research 
Styrene-based tnblock copolymer has been investigated and developed academica11y11602O) and 
industriallyl21-2$J since the 1960's, as one of the classes of materials called thermop1astic 
e1astomers. Ftnthennore, physical gels conUing of tnblock copolymers emerged in recent 
years[l603'1. In particular, the morphology, physical properties and ordet-disorder transition 
behaviour of physical gels have been of interest[3&401 . Since the tnblock copolymer can satisfy 
the condition (4) desmbed above, it is believed to worthwhile investigating the other 3 
conditions for polystyrene-based triblock copolymer gels. 
1.2 Objectives of the study 
The purposes of this research were to prepare, characterise and assess polystyrene-based 
tnblock copolymer physical gels as damping isolators for infonnation devices such as compact 
and hard disk drives. 
The approaches in this research are, therefore, as follows. 
2 
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(1) To study and fonnulate three kinds of PS-based triblock copolymer gels swollen with 
paraffinic oils. 
(2) To elucidate the effects of furmulation variables such as composition ratio, molecular 
weights of the paraffinic oils and the tnblock copolymers, 
poly(2,6-dimethyl-l,4-phenylene oxide) (pPO) as an additive and the cooling process on 
the morphology of physical gels. 
(3) To investigate the effects of the above fomrulation variables on stress relaxation of the 
physical gels. 
(4) To examine the transmissibility of mechanical VIbration shown by these gels as damping 
isolators for a compact disk drive. 
(5) To I.Ulderstand the relationship between the physical properties and the morphology of 
polystyrene-based triblock copolymer physical gels. 
3 
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Chapter 2 
Background and literature review 
In order to comprehend the theoretical and experimenta1 background relevant to this study, the 
literature is reviewed in this chapter. Lots of studies related to block copolymers, block 
copolymer gels, hydrocarbon oils, poly(2,6-dimethyl-l,4-phenylene oxide) (pPO), damping 
properties and damping properties for disk drives are shown comprehensively. 
2.1 Block copolymen 
In this section, studies regarding block copolymers that can produce stable gels and play an 
important role as a three-dimensional network structure in this research are swveyed. 
2.1.1 Topology of block copolymen 
Block copolymers have a IB.I1lIber of unique properties as a result of their morphological feaIures. 
The unique features are the resuhs of phase separation of the incompatible block components 
being restricted to a microscopic size scale. The resulting phase separation behaviour often 
develops a highly organized domain morphology. From this point of view, the behaviour of 
phase separation of block copolymers is different from that of incompatible blended 
homopolymers. 
The synthesis of true block copolymers was poSSIbly made by discovery of Szwarc and 
co-workers[41,42] in 1956 of homogeneous living anionic polymerization of polystyrene and 
polybutadiene. To date, it is poSSIble to prepare chblock, tnblock, nru1tiblock, starblock and graft 
copolymers by developed synthesis ~l. These block copolymer architectures are 
shown in Fig.2-l. Fig.2-1a shows a simple AD chblock copolymer and Fig.2-1b illustIates a 
simple ADA tnblock copolymer, composed of identical end blocks and a central block. A 
variation on this structure is the ADC tnblock copolymers, which consist of three different 
blocks. Fig.2-1c shows an (AD~ star block copolymer with fuur arms. Fig.2-1d shows a random 
nru1tiblock, composed of non-identical blodes randomly placed. By contrast to these block 
4 
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copolymers, a structure of a graft copolymer is displayed in Fig.2-1e. In this figure, A is the 
backbone chain and B represents the side chains. While block and graft copolymers show 
similar mOIphologies and behaviour for simi1ar compositions, the practical uses of these 
materials have tended to be very different. Graft copolymers are often used as compatibi1izers in 
polymer blends[434S), because they may not have well-phase separated structures. On the other 
hand, the block copolymers with enough molecular weight can have well-phase separated 
structures, consequently, they can be used in the pure statJ46.47]. 
These block copolymers have been synthesized in order to develop new materia1s with 
partiw1ar properties controlled by a phase separated mOIphology, or to investigate the phase 
sepamtion behaviour of block copolymers academically. Because oflruge numbers ofpapers 
and the acaunuIated theoretical uncIfrstanding on phase behaviour of block copolymers, the 
practical applications of block copolymers have expanded enormously. (Practical applications 
are descn"bed later.) 
Very recently, hydrogels that consist of a hydrophilic block and a hydrophobic block have been 
investigated as intelligent materials[48,49), such as drug delivery systems. It is believed that the 
research on block copolymers is very important for our future life. 
In this research, the ABA tn"block copolymers shown in Fig.2-1 b have been focused on, because 
the polymeric materia1s of ABA tn"block copolymers have attractive characteristics from the 
industrial points of view. Within the structure fonned by these ABA triblock copolymers, if end 
blocks (A) are glassy or aystaIline domains and mid blocks (B) are the e1astomeric domain, the 
g1assy or aysta1line domains act as physical crosslink points\l2.5Ol. Therefore, the ABA triblock 
copolymers have been utilized as one type of thermoplastic e1astomerlI4•S11• 
5 
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Fig.2-1 Examples ofblock copolymers 1I1'ChitecturJl. 
2.1.2 Anionic block copolymer synthesis 
As described earlier, anionic living polymerisation was developed by Szwarc Et a1. [41.42) to 
prepare po1y(styrene-butadiene) and po1y(styrene-butadiene-styrene) block copOlymers. Since 
the initiation and propagation steps are quite unique and there is no termination steps, the 
molecular weight is controlled relatively easily by the ratio of monomer to initiator. TIrus, it is 
poSSIble to achieve a vecy narrow molecuIar weight distnbution If the stable polymeric anion 
attained is capable of initiating a second pure monomer, well-defined block copolymers with 
predictable molecuIar weight and molecular weight distnbution can be obtained[,:z.54j. 
The sequential addition and polymerisation of styrene and butadiene are shown in following 
reactions in Fig. 2-2[''1. 
6 
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RU + 
____ , R-~'o 
(a) Initiation 
R-CH2 )U 
I~ 
~ 
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• 
R 
R 
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n 
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u R 
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R 
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(d) Second propagation 
U 
n 
n 
C~-CII CH-CHztu 
n 
Fig.2-1 The anionic living polymerization reaction for poly(~ - bntadiene)lsS] 
The above reactions proceed in homogeneous solution in hydrocarbon solvents. It is verJ 
essential that all active hydrocarbon impurities (water, alcohols, etc.,) be carefully exc1uded in 
order to obtain a termination - free system[S5). On the other hand, the anionic active chain ends 
exist primarily in the fonn of ion pairs when hydrocarbons are used as the polymerization 
so\venfS5). However, when polar solvents, such as THF, are used, the chain ends do not have the 
fonn of ion pairs. Thus, the reaction rates increase greatIylS6J. Another important role of the 
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solvent in lithium-1nitiated systems is its effect on the microstructure of the polybutadiene 
segment. Non-polar solvents encourage the formation of 1,4 - addition microstructure, which is 
pIt:relled to obtain good eIastomeric properties. The use of polar solvents andIor alkali metal 
initiators other than lithium results in a high 1,2-addition microst:ructurel"· S8]. Fmthermore, 
when synthesizing polyisoprene segments by the anionic living polymerization, the identical 
effects have been caused by the nature of solvents and initiators usedlS!' '9]. In a non-polar 
solvent, polyisoprene has high 1,4-addition, while in a polar solvent, polyisoprene has high vinyl 
content (1,2- and 3,4-additionj6O, 611. Other than solvents, it is well known that the synthesis 
temperature influences the microstructure of polydienel62l• 
As shown in Fig. 2-2, the sequential monomer addition is the most obvious and direct manner 
to obtain block copolymers. However, there is another variation of tapered block structureslSs]. 
Mixtures ofbutadiene and styrene monomers polymerize in such a way that very little styrene is 
incorporated until all of the butadiene is consumed. The result of this way is the formation of a 
block copolymer in which a styrene segment through a tapered junctionl61•64J• This junction is 
comprised of a gradient composition ranging from all butadiene to all styrene. 
2.1.3 Morphology of block copolymen 
2.1.3.1 Transmission electron microscopy studies 
At the time when the synthesis of polystyrencrl>ased block copolymers was developed, the 
motphology of the block copolymer was just postulated from the mechanical and rheological 
behaviour, beaIuse there were no direct observations to support if21. However, the development 
of a staining technique using osmium tetroxidef6H'l allowed the motpho\ogies to be confirmed 
by electron microscopy. After this development, the transmission electron microscopy (rEM) 
has been extensively used for the investigations of domain structures formed by block 
copolymers, because it has the resohrtion to analyse the major fea1ures of interests and the 
developed technique is relatively easy by the use of selective staining agents. In this part, the 
research on motphology of block copolymers conducted by using TEM is reviewed. 
The motphology of the A-B type of block copolymer was investigated by Bradford et aJ.168] 
They stained the butadiene block of a poly [styrene-butadiene] copolymer with osmium 
tetroxide. The obtained TEM micrograph for the block copolymer with an Mn of 630,000 and 
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6Owt"1o polystyrene is shown in Fig.2-3. In this figure, the black areas represent the butadiene 
phase and it was confirmed that beautiful lamella structure of polybutadiene and polystyrene 
was formed at this concentration. 
Fig.2-3 TEM micrograph[68] 
Molau[69) has pointed out the effect of composition on morphology in his paper. He concluded 
that poly[butadien~ne] block copolymers are able to form three basic morphological units, 
namely, spheres, cylinders, and lamellar. The major important MOrs are believed to be the 
volwne ratio and the molecular weight of each component. Consequently, as the polystyrene 
content decreases, one observes first polybutadiene spheres, then polybutadiene cylinders or 
rods, the lamellae of both phases, then polystyrene cylinders, and finally polystyrene spheres. 
This trend was also discussed by Matsuo et alPO,71) 
On the other hand, Kawai et aI.m) studied the morphology of poly[isoprene--styrene] block 
copolymers by TEM technique using osmium tetroxide for staining. Typical photographs are 
shown in Fig.2--4. The dark parts are the selectively stained polyisoprene segments. As the 
isoprene conoentration increased, the morphology changed from that of discrete polyisoprene 
particles in a polystyrene matrix to that of lamellar arrangements. 
9 
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Fig.2-4 TEM micrographs[72) 
The morphology of poly(styene-isoprene] block copolymers has been also investigated by 
Sadron et al. [73) In their experiment, using solution cast copolymer films, the effect of solvent 
type and of solution concentration on the morphology was confirmed. 
Regarding the morphology of A-B-A type block copolymers, Hendus et alP4) were the first to 
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publish the basic morphological feallJres of poly[styrene-b-butadiene-b-styrene] triblock 
copolymers in 1%7. They reported that the periodicity of the morphology was controlled by the 
block length. Later, Matsuo[7l] reported similar observations that spheres, rods sheet structures 
were observed depending on composition as was the case of A-B type block copolymers. 
The effects of variable formulations, such as molecular weight and composition on the observed 
morphology have been investigated by numerous scientists[76, 77). In their studies, many 
structures such as spheres, rods, cylinders, and lamellae have been observed. From the 
conclusions of the studies described above, the most important factor is the volume ratio of the 
phases. Spheres of one constituent in a continuous matrix of the other can form at a volume 
fraction of about < 0.25 of the former. Intermediate compositions, i.e., volume fractions between 
0.25 and 0.75, induce cylinders, rods, or, frequently, two continuous phases, depending upon 
solvent evaporation rates and type of solvent[78-SO]. 
On the subject a blend system of an A-B block copolymer and A and B homopolymers, the 
morphology formed also has been studied by a number of authors. Riess et al. [81] have studied 
stained poly[styrene-isoprene] block copolymers blended with polystyrene and polyisoprene 
homopolymers. They found out that the main parameters influencing morphology are (I) the 
molecular weights of the homopolymers, (2) the molecular weight and composition of the block 
copolymer and (3) the composition of the ternary mixture. It was conciuded[81] that it is possible 
to solubilize the homopolymer in the block domains if the molecular weight of the block in the 
block copolymer is higher than that of the homopolymer. 
Further studies by Inoue et al. [82.83] have verified this behaviour. They also suggested that, if the 
fraction of the copolymer is kept relatively large, the micro domain structures of the block 
copolymer may be maintained even for the binary or ternary system. Thus, the formation of the 
following five types of fundamental domain structures can be obtained, depending on the total 
ratio of A sequences to B sequence in the system: (I) A spheres in B matrix, (2) A rods in B 
matrix, (3) alternate lamellar structure, (4) B rods in A matrix and (5) B spheres in A matrix. In 
addition to this result, Hashimoto et al. [84] recently concluded by using the SAXS technique that 
homopolymers solubilize into the corresponding micro domains of the block copolymers. The 
homopolymers do not form the domain structure themselves. 
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Other than the studies described above, Hasegawa et al. (85) and Thomas et al. (86, 87) recently 
found a new type of morphology fonned in block copolymers. Since the morphology revealed 
that the poly[styrene-isoprene] diblock copolymer fonned tetrapod--nework structure. (See 
Fig.2-S) The morphology has been named as the Ordered Bicontirruous Double Diamond 
Lattice (OBDD). In Fig.2-6, the TEM micrograph of OBDD was shown. Because the 
bicontinuous morphology can be found when the volume fraction of PS component is in a 
narrow range between 0.62 and 0.66, which is located between the lamellar and cylindrical 
morphologies and other types of micro domain morphologies, such as lamellae, cylinders and 
spheres were observed when selective solvents were used for film casting, tetrapod-nework 
structure is considered a general morphology of the microphase separation of block copolymers. 
The morphology of the block copolymers seems to be one of the most interesting subjects in 
polymeric science. 
Fig.2-5 Schematic representation of the tetrapod-network model 
(a) a single tetrapod unit Cb) an assembly of five tetrapod units. Two 
parallel solid lines indicate the surfaces of an ultrathin section with thickness t 
in Fig.2-6['~. 
In summary, it has been concluded that TEM studies can produce significant information about 
the morphology of diblock copolymers, triblock copolymers and block 
copolymerlhomopolymers blend systems. The obtained morphology is strongly influenced by 
the molecu1ar weight of components, the composition and processing factors, such as type of 
solvent and evaporation rate. 
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Fig.2-61EM micrograph showing cbaracteristics f tetrapod-like elements in 
poly[sI)Tene-isoprene] copolymer film. A tetrapod unit is marked by the circle 
and the arms papendicular to the section surface are marked by white arrows[85]. 
2.1.3.2 Small angle X-ray scattering studies 
The SAXS technique also has been used for the investigations of domain structures formed by 
block copolymers. It can say that SAXS analysis has helped the understanding of the structures 
formed by block copolymers deeply and accurately. In this part, the studies of morphology of 
block copolymers conducted by SAXS are reviewed. 
SAXS can be employed to measure any structural feature that is of the order of 1 to 100 run in 
size[88-90), if sufficient contrast in scattering power exits. That is, if the electron density of the two 
phases or structures differs significantly, obtained SAXS peaks may be characterized in a simple 
sense using the Bragg equation to define inter-domain spacing. The interpretation of the data 
today is, however, very much more sophisticated. (The theory of SAXS is described briefly in 
Chapter 3.) 
It is believed that the first well-organized paper on the morphology of block copolymers using 
the SAXS technique was written by McIntyref91) and co-workers in 1970. The advantages of the 
SAXS teclmique were described by them as follows. (I) All domains throughout the sample are 
averaged so that surface effects or unrepresentative sampling are avoided. Consequently, an 
average size of the domains can be easily determined by applying the Guinier approximation[90). 
(2) The change of the morphology with variation of stress, temperature, or pressure is easily 
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studied. In the paperl91J, the influence of three variables, such as casting solvent, added 
homopolymer and the end block molerular weight of poly(styrene-b-butadien~ene) 
and poly( styrene--IMsoprene-b-styrene) triblock copolymers on the interparticle scattering 
peak were investigated. As a result, it was found that the domain structure is distinctly 
influenced by the type of casting solvent, the end block volume fraction and the homopolymer 
fraction in the block copolymers. 
In Fig.2-7 (a), the lamellar microstructure of a polystyren~polyisoprene diblock copolymer 
obtained by Khandpur et al. [92J is shown, and the SAXS pattern for the same polymer is also 
displayed in Fig.2-7(b). As seen in Fig.2-7 (a), long-range order of lamellar structure was 
clearly observed. On the other hand, clear peaks were obtained in Fig.2-7 (b), and it was 
confirmed that the peak positions had following relationship: 
!!.J... = 1,2,3,4,5; (i = 1,2,3 · ·-) (2-1) 
q, 
where q = 47r sin 8 / A., 28 is the scattering angle, and A. is the wavelength of the incident 
x-ray. It is well-known[93-9l] that the relative peak positions of equation 2- 1 has the 
characteristics of a lamellar structure. Consequently, it is possible to confinn the morphology 
developed in block copolymers by ana1yzing the position peaks. In addition to this, the lamellar 
period, d, can be calculated from the scattering pattern as d = 2ni / q, . A d value of233A was 
obtained from the first order peak in Fig.2-7 (b). 
In Fig.2- 8(a), TEM micrograph of hexagonal-packed cylinder (hpc) structure developed in a 
poly( styrene-b-butadiene-b-styrene) triblock copolymer is shownl96] The SAXS patternl97] 
from the same grade of polymer is shown in Fig.2- 8 (b). The peak positions observed follow 
equation 2-2. 
!!.J... = 1,.j3,.J4,.[i, ..]9; (i = 1,2,3' .. ) (2-2) 
q, 
The relative peak positions of equation 2-2 is known to be characteristic of a hpc 
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Fig.2- 7 (a) TEM micrograph of lamellar structure ofpolystyrene 
-polyisoprene diblock copolymer; (b) SAXS patterns from the same 
SampIJ921. 
Other than lamellar and cylinder structures, the body centred-cubic (bee) structure has been also 
confirmed by SAXS[lOq The relative peak positions had the following relationship[32,)02,)03J. 
~ = 1, Ji" J), 14,../5; (i = 1,2,3 · ·-) (2-3) 
q, 
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Fig.2-8 (a) TEM micrograph of hexagonal -packed cylinder structure developed in 
po1y(styrene-b-butadiene-b-styrene) triblock copolymerI96J (b) SAXS pattern from 
the same grade of above po~97] 
As described from equations 2-2 to 2-4, since the correlations of relative peak positions from 
the long-range ordered structures are different each other, it is very important to obtain the 
higher order peaks by the SAXS technique for determining the structure formed in these 
specimens. Once the higher order peaks are obtained, the structure can be decided accurately. 
Therefore, this procedure has also been applied in the morphological studies of blended 
systerns[I04-106J of block copolymers and a homopolymer, which is structurally identical to one 
16 
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block in the block copolymer. 
Very recently, much attention has been paid to binary blend systems of block copolymers. Cot.Ut 
et al. [107,108) investigated that the chain organization oflong and short block chains on lamellar 
microdomains formed in biruuy mixtures. These mixtures consist of a long asymmetric 
poly(styrene-b-isoprene) (S1) diblock copolymer, which itself ex1u'bits a morphology of 
polystyrene spheres on a bee lattice in a polyisopnne matrix and a symmetric SI diblock 
copolymer of lower molea.!lar weight .. Especially, they studied the effect of chain ~on 
on stability of the lamellar microdomain and the microdomain size as a function of the blend 
composition. From the calaJlation from the SAXS data, it was found that the lamellar thickness, 
D, increased as the fraction of asymmetric SI dl'block copolymer increased. However, the 
interfacial area per junction stayed at a constant value. 
As described in this part, the SAXS technique is one of the most powerful tools for the 
investigation of the morphology developed in block copolymers. Since the SAXS technique 
combined with rheology analysis or stress-strain analysis have been developed, the importance 
of this technique has been increasinr92. 109.1101. 
:U.3.3 Ordef-disorder transitions 
As desaibed previously, block copolymers have an ordered structure with a long-13Ilge order 
having a spatial periodicity, D, of the order of the polymer coil. On the other hand, under certain 
conditions, they can also form a homogenous structure in which the segments of each block are 
molerularly mixed. The transition from the disordered state to the ordered state is a 
phenomenon known as microphase separation. 
The order-disorder transitions are very important phenomena from both the industrial and 
academic points of view. Industrially, the transitions are associated with processability and 
performance of block copolymers as thermoplastic elastomers and pressure sensitive hot-meh 
adhesives[l11l. At processing temperatures, e.g., typically 170 to 180' C, some block copolymers 
can be in the disordered state. In that case, the meh viscosities are relatively low, which gives 
great advantages in processability and in the intediu:ial wetting between adhesives and 
substrates. On the other hand, if block copolymers are in an ordered state at the processing 
17 
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temperature, they will show high viscosity and quite remarlaible non-Newtonian flow 
behaviour, which causes difficulty in the processing and can result in poor perfonnance. As 
sated here, since it is verj important for us to comprehend the order-disorder transitions of 
block copolymers, the studies on the transitions are reviewed in this section. 
Relatively recently, this subject was reviewed by Hashimoto[17.112). In his review, a schematic 
representation of the order-disorder transition of A-B chblock copolymers was depicted, as 
shown in Fig.2-9. In this figure, (a) and (b) are molecular packing, (c) and (d) are the spatial 
distribution of the chemical junctions, and (e) and (t) are the spatial distnbution of segmental 
density in the ordered and disordered states, respectively. 
Fig.l-9 Scll!l!11arlc representation oftbe order-disorder tnmsitian of A-B chblock copoIymc::f!7J. 
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In the ordered state, the A and B segments segregate themselves in A and B microdomains. 
However, because of molecular connectivity the segregation cannot result in maaoscopic phase 
separation, but rather results in a regu1ar periodic microdomain structure with a long-range order 
as schematically shown in Fig.2-9 (a). (TEM images and SAXS results for a 1ame1lar structure 
are shown in Fig.2-7.) On the other hand, in the disordered state, the A and B segments are 
molecularly mixed as shown in Fig.2-9 (b). 
The characteristics of the ordered state are symbolically descnbed in Fig.2-9 (c), where the 
chemical junctions between A and B block: chains are confined in the narrow interface by a 
series of vertical straight lines. Generally speaking, the avmge end-to-end vectors of each 
segment should orient at the interface. The solid and open circles in Fig.2-9 (c) differentiate the 
orientations of the end-to-end vectors of the each segment. The solid circles represent the 
junctions with their end-to-end vectors of A segments oriented right and conversely, the open 
circles represent junctions with A segments oriented left. On the other band, in the disordered 
state, the chemical junctions are random1y distributed in space and the orientations of the 
end-to-end vectors forthe A and B chains are also random, as shown in Fig. 2-9 (d). It should be 
noted that the spherical and cy1indrical microdomains in the ordered state have fundamentally 
identical characteristics to those descnbed above. 
The relevant order parameter in such systems may be a reduced spatial segmental density profile, 
Px (K=A or B) defined as 
(2-4) 
where Px is the spatial segmenta1 density profile for the K-segments and Pxo is that for the 
pure K-homopolymer. The densities, Px, satisfY the following equation. 
(2-5) 
In addition to this equation, the following equation should be introduced from incompressibility 
of each segment. 
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(2-6) 
In the ordered state within the strong segregation limit (SSL)l1131, the spatial segmental density 
PlC vmy as shown in Fig.2-9 (e). On the other hand, in the disordered state, the following 
equation should be satisfied. 
PlC = flC (disordered state ) (2-7) 
In this equation, flC means 
(2-8) 
where N lC and N are the polymerization indices of the K-block chain and the total block 
polymer, respectively. 
In the bulk block copolymers, the order-disorder transition point is found to occur at 
(2-9) 
where Z is the A-B segment-segment (FIory-Hilggins) interaction parameter!l141. The 
. (zN c) depends on the composition f. 
In order to investigate the order-disorder transition, there have been mainly two types of 
techniques. One is rheology ana1ysis[llMI6] and another one is the SAXS technique. Several 
rheology analysis studies have been published. Clrung et a1. [liS] studied the temperature 
dependence of meh rheologica1 behaviour of poly(styrene-b-butadene-b-styrene} (SBS, 
S:7xl<Y glmo~ B:43xl<Y glmol) 1riblock copolymer by using a Weissenbexg rheogoniometer. 
The sample at 1750C showed Newtonian behaviour, which was different from the behaviour at 
14O"C and 15O"C. Therefore, they concluded that the order-disorder transition occurred 
between 150"C and 175"C. Gouinlock et al. [116] also studied the dynamic shear moduli for 
poly(styrenMrlmtadiene-b-styrene) (SBS, S:7xl<Y glmo~ B:43xl<Y glmol) triblock 
copolymer as a function of temperature and frequency by using the eccelluic rotating 'disc 
geometry. They obtained Newtonian behaviour for samples at high temperatures, which agree 
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with the resu1t of Chung et a1. PI') In this paper, the order-disorder transition was observed as a 
narrow transition at about 142°C. 
On the other band, the analysis of the order-disorder transitions by the SAXS technique has 
been led by Hashimoto and co-workersPI7- 119). Hasbimoto explained the principles of the 
characterization of the order-disorder transition by SAXS as follows: the scattering intensity for 
disordered phase of the block copolymer is plOportional to the correlation function, S(lj). 
According to the random-phase-approximaton (RPA) method of de Gennes[m], S(lj) 
satisfies the following equation. 
I(q)-l .. S(lj)-l = [S(lj)/W(lj)]- 2Z (2-10) 
In this equation, the functions of W(lj) and S(lj) in the A-B block copolymer are given, 
respectively, as follows. 
(2-11) 
(2-12) 
S is the sum of all elements and W denotes the determinant of the matrix IISu 11 whose 
elements S if are the correlation functions of the ideal, non-interacting copolymer chains. Each 
term of equation (2-12) is described elsewherell211. 
The temperature dependence of Z [17]is g!ven by 
Z=A+B/T (2-13) 
where A and B are constants, respectively. From equations of (2-10) and (2-13), the temperature 
dependence of the scattered intensity is given by the following equation. 
I(q)-l .. [S(lj)/W(lj)]- 2A - 2B / T (2-14) 
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Therefore, in the disordered state, rl should linearly decrease with rl. Deviations from this 
linearity are a result of the occurrence of the ordered state. In Fig.2-10, a typical result of the 
order-disorder transition temperature by using the above principle is shown The system[l7) was 
composed of 6Owt"1o of SBS tnblock copolymer and 40wt% of dioctylphtalate (OOP). 
Fig.l-lO A typical result of the reciprocal inteosityD7J. 
As shown in this figure, above 9O"C, the system is in the disordered state where rl changes 
linearly with rl. The system is in the ordered state where rl swerves the linear relationship with 
rl. In the above case, the order-disorder temperatme is decided as 90 "C. In the same figure, the 
relationship between the microdomain period scale, D, and temperature, 1; is listed. In the 
disordered state, D is independent of T. On the other hand, in the disordered state, D increases 
with decreasing T. Since this relationship is also predicted from the theory, the measurement can 
be also applied for determination of the order-disorder transition temperatme. As descnbed 
above, SAXS technique is a powerfu1 technique for studying the order-disorder transition 
phenomena 
Other than the above studies, vay recently, the several papers have been published on the 
interesting factors that affect the ordeNfisorder transition behaviour of block copolymers. Lee 
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et al. [122) investigated the effect of the hydroxylation of polystyren~b polyisoprene (SI diblock) . 
copolymers on the ordeNiisorder transition behaviour by using osci\latory shear rheometry. 
From their. resuhs, it was found that the presence of hydrogen bonding in the SI-QH chblock 
copolymers induced the increase of the ordel-disordectransition temperature. Jain et al.[I23) also 
elucidated the effect of filler dimensionality on the ordel-disordec transition of a copolymer 
nanocomposite by using SAXS technique. They used the SI chblock copolymer with spherical, 
rod-like and plate-like fillers of polyisoprene-b-polyethylene oxide chblock copolymer as a 
model. As a result, It was clarified that the ordec-disordec transition temperature were lowered 
by 15-23 °C and is accompanied with a significant broadening of the transition temperature 
window. h was also concluded that the dimensiona1ity of the fillers plays a significant and 
non-trivia\ role in the process of the ordec-disorder transition. In their resuhs, it was obseNed 
that the rod-like fillers lead to the hugest depression and broadening the phase transition. 
Howeve!; the mechanisms of these filler effects on the ordec-disorder tran.sition have been still 
remained an open question. Further detailed research will need to be earned out. 
As stated earlier, the order-disorder transition phenomenon regarding block copolymers have 
been extensively investigateD for about two decades. This subject is also one of the hottest 
matters in recent research in block copolymers. Howevec, it should be mentioned that the 
thermodynamics behaviour regarding the ordel-disordec transition of block copolymers has not 
been studied well. Thece have been only several papers on this subj~. Ahhough this 
transition is recognized as a thermodynamic event, the reason of the difficu1ty in doing the 
analysis by using conventional differential scanning calorimetry (DSC) comes from the very 
sma1\ thecma\ signals. This has been pointed out by many researchers[17,l26J. The thermodynamic 
research on the order-disorder transition has been expected eagerly. 
2.1.3.4 Theoretical research 
As desaibed earlier, block copolymers show interesting phase behaviom: Much research has 
also attempted to develop theories to explain various aspects of such phenomena. In this section, 
some successfu1 theories are presented. This topic is well covered in Bate's comprehensive 
theoretical reviewl18) of block copolymers. 
The phase behaviour of (A-B)n block copolymers is determined by three experimentally 
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controllable factors: the overall degree of polymerisation N; architectural constraints 
characterized by n; the composition f and the A-B segment-segment (Flmy-Huggins) 
intenction parameter, Z. The first two factors are determined by the polymerisation conditions 
and influence the configurational entropy, whereas the magnitude of Z is detennined by the 
selection of the A-B monomec pair. It is noted that for all the materials to be considered in this 
section, the interaction parameter has the following temperature dependence Z '" ar-1 + p , 
where a > 0 and P are constants for given values of f and n. Since the n = 1 case has 
received the most comprehensive theoretica11reatment and because the above tiIctors qualitively 
influence phase behaviOln" independent of n, in this section, the theory on diblock copolymers 
is reviewed. 
At equilibrium, a dense collection of monodisperse diblock copolymer chains will be arranged 
in minimum free energy configurations. Inaeasing the energy parameter Z filvours a 
reduction in A-B segment contacts. If N is sufficiently large, this may be accomplished with 
some loss of configurational entropy by local compositional ordering as illustrated previously in 
Fig.2-9 for the symmetric case f = 0.5. Such local segregation is referred to as microphase 
separation. Alternatively, if either Z or N is deaeased enough, the entropic factors will 
dominate, leading to a compositionally disordered phase. Since entropic and enthalpic 
contnbutions to the free energy density scale as N-1 and Z' respectively, it is the product 
zN that indicates the block copolymer phase state. For f = 0.5, the transition between the 
ordered and disordered states occurs when ZN I n -10, as discussed belowlS]. 
Two limiting regimes have been postulated to exist in the diblock copolymer phase diagram, as 
shown in Fig.2-11 [IS]. For zN «1, a copolymer melt is disordered and the A-B interactions 
sufficiently weak that the individual chain statistics are unpertwbed. The connectivity of the two 
blocks and the incompresstbility of the melt, however, lead to a correlation hole that is manifest 
in scattering measurements as a peak corresponding to a fluctuation length scale D-aN" Z • 
Here, a is a characteristic segment length. As zN is increased, a delicate balance between 
energetic and entropic factors produces a disorder-to-order phase transition. It has been 
suggested that in the vicinity of this transition, the A-B interactions are sufficiently weak that 
the individual copolymers remain largely unperturbed, the microdomain period scales as N" Z , 
and the ordered composition profile is approximately sinusoidal. This regime has been referred 
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to as the weak segregation limit (WSLf211. On the other hand, the second limiting regime of 
phase behaviour is referred to as the strong segregation limit (SSLjl27] and corresponds to the 
situation where zN »10. In this regime, narrow interfaces of width ax-1I2 separate 
well-developed, nearly pure A and B micro domains. 
Most theories and experiments dealing with block copolymer phase behaviour can be 
categorized as either WSL or SSL. Each theory dealing with SSL and WSL will now be 
reviewed. 
We:ak 
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Fig.2-11 Comparison of!he one- dimensimaJ ronqx>sitiOll pofiles cbarack:rizing 1he 
weak (WSL) and s1rong (SSL) segregation limits. tP A and f refi:I" to !he local and 
macroscopic A-lock volume fractions, ~8J. 
Regarding with SSL, the physical principles that govern the microdomain period and the 
selection of ordered phases have been established by the pioneering s1udies of Meier'128] and 
He\fimd[l27.1291. Especially, HeIfand[l27] developed a mean-field theory that permits quantitative 
calcu1ations of free energies and composition profiles and chain conformations. He identified 
the three principal contributions to the free energy in the regime XN» 1 0 as follows. 
(a) Contact enthaIpy in the narrow interlilces between nearly pure A and B microdomains. 
(b) A loss of entropy associated with the restriction on the p1acements of the A-B junction to 
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the interfilces. 
(c) A loss of entropy related with extended chain configurations. 
Helfand et a1.!127] showed that these narrow interfaces have characteristic thickness ax-Jl2 , and 
by numerical solutions of the mean-field equations proposed that the microdomain period scales 
as D _aNs Xl', with 6", 9/14 '" 0.643 and .u '" 117 '" 0.143. Helfand et a1.(129] also 
developed numerical techniques for calcuIating the phase diagram in the SSL, and located the 
compositions that restrict the thennodynamics stability of spheres, cylinders and lamel1ae 
structures. 
On the other hand, concerning WSL, Leibler1121) has published the theoIY dea1ing with the phase 
behaviOW' without the narrow interphase approximation Instead of the Helfand approximation, 
the monomer A density correlation functions in a disordered phase was investigated by using 
the random phase approximation (RPA) method of de Gennesl12OJ. In Fig. 2-12, the phase 
diagram calculated by Le!bl~l) is shown. This result have predicted that there are transition 
temperatures between one ordered phase to another ordered phase, e.g., bee ordered structure ++ 
hpc structure, hpc structure -lamellar structure, in the WSL regime. Howewr, these predicted 
phase transitions between ordered structures have not been continned(13O) experimentally. 
Therefore, further studies on this subject are required. 
Recently, the strong and weak segregation limit theories for block copolymers have been unified 
by Matsen(131) and co-worlcers. This approach involves numerical solution of seIf-consistent 
field equations, without approximations such as the narrow interphase approximation Therefore, 
their theOlY has been called as seIf-consistent field theoIY (SCFI'). 
In sumnuuy, the theoretical approaches have been explored by many researchers to understand 
and predict the phase bebaviOW' of typical block copolymers, as descnbed in this section Much 
effort has. been paid to comparing the experimental resuhs with theoretical predictions. 
Consequently, the acauacy of each theoty descnbed here has been confirmed. It is believed that 
the developed theoIY predicts several unconfinned phenomena and plays an important fuctor to 
enhance the developments of the research on this subject. 
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Fig.2-1ll.elbler's phase diagram[12IJ• 
2.1.4 Physic:al and mechanic:al behaviour of block copolymen 
2.1.4.1 Stress-strain studies 
Stress-strain behaviour of block copolymen has been extensively explored, because it is 
believed that the microdomain structures directly influence properties. Therefore, the 
relationship between the morphology and the physical properties has been of interest. In this 
section, some stress-stain studies are reviewed. 
It is believed that the first paper dealing with the stress-strain behaviour of block copolymer was 
by Holden[22) et a1. from the Shell Company in 1969. In this study, they investigated the 
s1ress-strain behaviour of polystyrene-b-polybutadiene-b-po1ystyrene (SBS) triblock 
copolymers (Total molecular weight: 72 x 104 - 9.3 x 104 !ifmol) with varying po1ystytene 
contents as shown in Fig.2-13. 
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FigJ-13 Stress-strain bchaviourfur SBS copolymers wi1h various ~ 
Cl IlIleulsl22l• 
As shown in Fig.2-13, it is very obvious that the stress-strain bebaviOW' of SBS copolymers is 
influenced by the polystyrene content. The polymer with lowest (13\Vt"/o) styrene content 
behaves like an under-cured conventional rubber. With increasing styrene content up to 28wt%, 
the behaviour sets closer to that of a conventional rubber. At higher styrene contents (30-53\Vt"1o) 
the polymers exhibit a yield fullowed by drawing and then an e1astic extension. At even higher 
styrene contents (65\Vt"1o) a very high yield stress is fullowed by a short draw region and 
immediate break. The highest (80wt%) styrene content block copolymer shows no draw at this 
rate of extension (2 in. lroin), and then breaks at 2.5% elongation, which is a similar value to that 
of polystyrene. In addition to these facts, Morton[132] clarified that the tensile moduli and tensile 
strengths oftriblock copolYmers are not molecular weight dependent, so long as the polystyrene 
content is high enough to sustain the funnation ofwe1l-separated polystyrene domains. 
From the above points of view, Holden et al. reviewed the mechanism of tensile failure in 
styrene block copolymers[l7]. It has been suggested that there appears to be three poSSIble 
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mechanisms. 
1. Ductile failure in the styrene domains. 
2. Brittle fracture in the styrene domains. 
3. Elastic failure in the polydiene centre segments. 
They explained that these three mechanisms will appiy in a particular case depends on the 
conditions. At high temperature, as the domains soften, they will be the weak 1inks in the chain 
and ductile failure will predominate. The same effect will apply when the time scale of the test is 
long. At lower temperatmes, or shorter times, one of the other two mechanisms will take over. 
Another interesting point is the elastic modulus of these materials. Bard(133) and cllungl134J have 
presented an entanglement model to calculate the elastic modulus of block copolymers. Forthis 
calcu1ation, they assumed that the domains serve the role of chemical crosslinks. The crosslink 
conllibution is calculated by taking the midblock molecular weight as the molecular weight 
between crosslinks. The entanglement contribution is calculated using the plateau modulus of 
the midblock homopolymer. From the results of the comparison between the experimental data 
and the calc.I!lated data using the entanglement model, the co1ltnDution from trapped 
entanglements was found to be very important. Ve%)' recently, Tong et a1. [13'1 have canied out 
investigations on effects of the molerular weight between chain entanglements of the centre on 
the ultimate tensile strength by using several kinds of poly(methyl methaayIate) 
(PMMA)-b-poly(a1ky1 aaylate)-b-PMMA tnblock copolymers. They pointed out that 
slippage of entanglements delays ductile fracture of rigid microdomains and that entanglements 
play a key role in the design of any novel thennoplastic elastomers of the tnblock: type. 
2.1.4.1 Dynamic mechanical behaviour 
. Dynamic mechanical behaviour of ttiblock copolymers is also very important, because this 
behaviour enonnously affects the practical applications. In this section, some studies on 
dynamic mechanical behaviour ofttiblock copolymers are reviewed. 
Since most block copolymers are phase separated, they exlubit either two g1ass transitions, Tg, 
or one Tg and one melting transition, Tm However, since each block: has been chemically 
linked, phase separation usually remains incomplete. For example, the Tg in the polystyrene 
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blocks in an SBS tnblock copolymer is usually around 6O-9SocPSJ rather than near the 
polystyrene homopolymer's Tg of l00"C. For this phenomenon, two poSSIble reasons are 
considered: first, some polybutadiene is dissolved in the polystyrene-rich phase, and second, the 
blocks have rather low molecular weights. 
If the molecular weight of the polystyrene blocks is higher, the normal behaviour ofTg will be 
obtained. In Fig.2-14, the result attained by Matsuo!'70J is shown. They studied the 
modulus-temperature behaviour of SBS triblock copolymers with various styrene-butadiene 
ratios. In this case, since the molewlar weight of polystyrene blocks was sufficient to make a 
continuous phase, confinned by TEM results, the modulus of these samples remained high in 
the plateau region between the glass transitions and the Tgs ofboth phases remained at the same 
temperatures for all ratios in this study, i.e., -BO°C for PB and ll00C for PS, respectively. 
Fig.l-14 DMTA resu1ts far SBS block copolymers wi1h different SIB ratios[lOJ. 
On the other hand, when the fraction of polystyrene blocks is low enough to result in spherical 
polystyrene domains, it was confirmed that the modulus in the plateau region was nruch lower 
at around 5 x 10 6PaJI36J. 
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In order to understand the mechanical properties of composite materials, SmallWood[137) 
proposed the following equation derived from the Einstein's equation[1381• 
(2-15) 
where ; is the volume fraction of sphere particles. E and Eo are the modulus of the composite 
and that of the matrix, respectively. This equation, however, was not found to be useful for 
practical block copolymers[1391• 
A more general approach which gives empirical parameters charecterising the additive was 
achieved by Takayanagi[14O]. The modulus of the composite should lie between two limits, the 
so-called upper and lower bounds. The upper bound corresponds to the components undergoing 
equal strain and the lower bound to the components experiencing equal stress. Fig.2-1S shows 
these conditions in the form of models, comprising the two components, ie., hard and soft 
phases, in volume fractions determined by A and ;, which are the para11el and series coupling 
parameter, respectively. 
In the para11el model, the modulus of the composite, E, was given by 
(2-16) 
where EH and Ss are the moduli of the hard and the soft phases, respectively. (j' H and (j's are 
the stresses occurred in the hard and the soft phases, respectively. & is the common strain fur 
both phases. 
On the other hand, in the series model, the modulus of the composite is determined by the 
following equation. 
(2-17) 
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(a) parallel model (b) series model (c) mixed model 
Fig.2-1S Takayanagi mode1for1be cCdlqositc materials. (a) parallel, 
(b) series and (c) mixed. A and l6 are 1be parallel and series coupling 
parameters, respectively. 
Therefore, in the mixed model, the modulus of the composite is obtained from equations of 
(2-16) and (2-17). 
(2-18) 
Wetton(139) investigated the modulus of SBS triblock copolymers cast by severa1 solvents using 
this model. In their results, it was found that the Takayanagi mode1 mad a good agreement with 
the experimenta1 data It was also confirmed that casting solvents changed the morphology. 
2.1.5 Applications of block copolymers 
Typical block copolymers which have been I!hlized industrially are listed in Table 2-1[141. As 
seen in Table 2-1, each block copolymer type has a particular character, and has been selected 
and I!riIiwi for appropriate applications. Since these polymers and compounds are suitable for 
direct uyection moulding, the applications are quite extensive. 
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Table 2-1'JYpical block COpolymers[141. 
Thermoplastic elastomers Hard segment Elastomer segment Notes 
Polystyrene-elastomer 
block copolymers Polystyrene B, I, EB and EP O<n<ral purpose use 
including SBS,SIS,SBS 
andSEPS 
Polyurethane-elastomer Polyurethane Polyether or Hard andtwgb. 
block copolymers amorphous polyester Abruicm and oil r_t 
Good tear sIreng1h. 
Polyester-eIastomer Polyester Polyether or Similar 10 poIyuroIbancs 
block copolymer amorphous polyester and moro flexible at low 
tompontlUoll 
Polyamide-elastomer Polyamide Polyether or Similar 10 po\yuro1bane. 
block copolymer amorphous polyester but can be softer. Vrry good 
at low t<IDperatures 
Polyethylene-poly( a-olefin) Polyethlene Poly(a-olefins) Flexible materials, very good 
block copolymers at lowl<mperature. 
2.2 Block copolymer gels 
In this section, studies on physical gels, which are the main subject of this research, are 
comprehensively reviewed. 
2.2.1 Concept of block copolymer gels 
Although the concept of block copolymer gels has emerged relatively recent1y, many studies on 
these gels have been extensively reported[16-39). According to Laurer et a1. [26,38), a block 
copolymer gel is defined as a so1vent-rich blend of a multi-block copolymer and a low volatility 
solvent that is miscible with the rubbery block(s). Laurer named them thermoplastic e1astomer 
gels (!'PEG). Ahhough any such copolymers could be used with an appropriate solvent to 
produce a block copolymer gel, most cases of research on block copolymer gels have been 
focused on the systems comprised of the ABA 1riblock architecture. The illustration of the 
micellar netwoIk formed by a poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) 
1riblock copolymer and a low volatility EB-compatlble mineral oil was proposed by Laurer et 
al. [26J and shown in Fig.2-16. In this system, the selhlssociat:ion of the styrene end blocks due to 
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thermodynamic incompatibility with the oiHich matrix, results in the fonnation of spherical 
micelles. Bridged mid blocks· are responsible for the fonnation of a three-dimensional network 
that creates a physical ge~ stabilized by micelles of the glassy or semi-crystalline copolymer 
end blocks. 
Very recently, Kim and JO[141) investigated the chain architecture of 1riblock copolymer gels by 
means of a grand canonical Monte Carlo sinndation The obtained schematic image is depicted 
in Fig.2-17 (a). It is very obvious that the image is identical to the schematic illustration in 
Fig.2-16. In their simulation, the fraction of each conformation, ie., free, dang1ing, loop and 
bridge, were calculated with respect to the average volume fraction of tnblock copolymers, as 
seen in Fig.2-17 (b). The occurrences of these confonnations in Fig.2-17 (b) also are in good 
agreement with the illustration in F1g.2-16. Ail illustrated by these examples, the research into 
block copolymer gels is being developed both experimentally and theoretically. 
Fig.2-16 Schematic· illustration of a TPEG mmposed oflhe SEBS and an oil 
The copoIymcrmid-b1ocb adopt ei1her bridged (a) or looped (b) conformations. 
A fraction of the styreIIe eod-blocb may also reside in the maIrix and n:main 
UII8SSOCiated wi1h a micelle, furmiDg a dangling end (c) and free eruIs (d) [1.6]. 
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Fig.2-17 (a) Computer generated image of a miceJJar system cxmposed of a tnblock copolymer in a 
selective solvent. Enlmged micel1e COllespands to a circle in die image. (b) Change ofdle fraction 
of each confonnation with the average vo1ume fortriblock copolymer in a selective solvenr1411• 
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2.2.2 Solubility parameter 
2.2.2.1 General theory 
The solubility parameter, SP, is one of the very important parameters used for designing 
polymer blends, block copolymers and block copolymer gels, because it can be used to predict 
approximately the misa'bility of systems. In this section, the general theory on the SP is 
reviewed, then, after that, the specific cases of the SP of the block copolymer gels are discussed. 
Generally, Sp, 8, is defined by the following equation[U]. 
( ']112 6 = s.... I V, (2-19) 
where i refers to a component of the system, Ev I is the energy of evaporation of i 
component and v, is the molar volume for i component, respectively. Therefore, the temI in 
the square root in the right hand side of equation (2-19) is called as cohesive energy density, 
CED. The units of (r::dlIcm.illl have been used for the SP for a long time, while the units of 
(J/m3)1Il have now come into widespread use. Since polymers cannot vaporize, the SP is 
determined by measuring swelling of cross1inked polymers in various solvents, experimentally. 
The solvent that swells it the most is acknowledged as having the same solubility parameter as 
the polymer. The SPs for most common polymers have been summarlzed[I42]. If the solubility 
parameter of the polymer is not known, it can also be estimated through the use of the group 
molar attraction constants, which have been calculated by SmaJl[143] , Fedors[l44] and others. 
On the other hand, by using the SPs of each component in a AIB blend system, the va1ue of the 
A-B segment-segment interaction parameter, X, can be calcu1ated through the following 
equation[lSJ. 
(2-20) 
where VA is the molar volume of the A component, R is gas constant and T is the absolute 
temperature. The X parameter is the essential factor for the prediction of the phase 
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separation/miscibility in systems. According to the Flory-Huggins theorylll4J, the Z parameter 
relates to the change offree energy ofmixing, MI M' of two polymers as follows. 
(2-21) 
where kisthe Boltzmann'sconstant. N,j is the molar numbec of the A polymer and VB isthe 
volume fiaction of the. B polymer. As seen in this equation, the Z parameter strongly 
influences the change of free energy of mixing. 
As desatbed above, the SP is a very important fiIctor for developing polymer blends, especially 
for industrial developments. In the following section, the actual SPs for the block copolymers 
re1ated to the present study are reviewed. 
2.2.2.2 Specific cases of block copolymer gels 
Regarding the SPs of the polystyrene based-triblock copolymers, ie., SBS, SIS, SEBS and 
SEPS tnblock copolymer, Gergen et a1. [l5) calculated them by the method of group contritutions, 
then summarized his findings as shown in Fig.2-18. 
Fig.2-18 Map ofbydrocarbon blockcopolymers[2l]. 
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From this map, the fullowing conclusions can be made. For making the domain networlc 
structure of the block copolymers, the interface volume and the consequent dissociation enermr 
of the block copolymers are dependent on the difference in the SPs of blocks. Furthermore, the 
mechanical properties, especially time-dependent and temperature-depent properties, also 
may be strongly dependent on this dissociation energy, which is the energy holding the polymer 
materials in a network structure. For this reason, this map can be usefu\ in the prediction of the 
mechanical properties for actual block copolymers by referencing the SBS triblock copolymer, 
because the SBS tn'block copolymer shows a networlc structure at reasonable molecular weights, 
has high strength and a reasonable creep rate at ambient temperature. However, the creep rate is 
worse in the temperature range over SO"C. Therefure, it can be said that the difference in the SPs 
has to have a certain mininrum value for usefu\ block copolymers with ordinary molecular 
weights. Polymers which have a greater difference in the SPs than that ofSBS block copolymer, 
cannot have enough driving force for phase separation, then result in an inferior mechanical 
properties. On the other band, the hydrogenated block copolymers, ie., SEBS, and SEPS 
tn'block copolymers, have bigger differences in the SPs than that of SBS, and consequently, the 
better mechanical property can be expected. 
On the other band, Laurer et al. [l4S] eva1uated the SPs for each component in their block 
copolymer gels by viscosity measurements[l46). The resuhs are summarized in Table 2-2. 
Although their original data were descn'bed using the units ofMPalll, the SPs in (cal/cm)1Il are 
inserted in this colwnn for comparison with other data. 
'lllble 2-2 The solubility parameters for components in block copolymer gelS[14S]. 
EP in SEPS 
PS 
mineral oil 
7.9 
9.1 
CB. 6.9 
16.2 
18.6 
ca. 14.1 
As shown in this table, it is confirmed that the mineral oil in their study is clearly midblock 
selective. In addition to this, the mineral oil is anticipated to be a better solvent for the EP 
midblock rather than the PI midblock. ~ it should be taken account for the practical 
experiments that the SP is dependent on tempeIature and the practical miscibility of polymer 
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and oil can be affected by the molecular weights[147] of actual components. 
2.2.3 Preparation of block copolymer gels 
For the preparation of block copolymer gels, solution methods have been genera11y used. For 
example, in the studiefO· 31) by Laurer et al., the following preparation method was applied. 
Predetermined masses of the SEBS tnblock copolymer and mineral oil were added to 
cyc10hexane to yield a So/~N) solution <>:tee these solutions were cast into Petri dishes, they 
were dried (for 3 days) at ambient temperature. Instead of cyc1ohexane, toluene also can be used. 
The casting solvent should be a good solvent for both components in tnblock copolymers. 
On the other hand, as in a study by Quintana et alY47J, a preparation method involving 
dissolving the SEBS tn'block copolymer in the paraffinic oils at l20"C in sealed flasks, without 
using any solvent is reported. 
Other than solution methods, mechanical blending methodstl8J were also applied. In the study by 
Laurer et al., the SEBS triblock copolymer and mineral oil were mechanica\ly mixed under 
vaarum for Ihin aRossIDM I-qt. double planetary mixer at I8O"C. In addition to this, in their 
other~, they investigated the effect of the sample preparations by solution methods and 
mechanical blending on the morphological characteristics of block copolymer gels. As a resu1t, 
it was found that the sample preparation could influence moderately the IIIOIphology of the 
block copolymer gels. 
As descnbed above, the several solution and mechanical blending methods can be applied to 
obtain the tnblock copolymer gels. However, it should be noted~ that the weight change due to 
any oil evaporation during the mechanical blending process must be taken account for rigorous 
evaluation 
2.2.4 Morphology of block copolymer gels 
2.2.4.1 'Ihmsmission electron microscopy studies 
Since the most direct method fur the investigation of tn'block copolymer gels is transmission 
electron miaoscopy (TEM), an enormous amount ofTEM research has been done. Normally, 
in this technique a very thin section of the sample is first microtomed. For soft materia\s such as 
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triblock copolymer gels, however, ultra-thin sections are obtained at low temperatures (typically 
-loo"C), by use ofcryo-ultramicrotomy (i.e. slicing of the sample at low temperature). Contrast 
between the rubbery blocks and the glassy blocks is achieved by exposing the sample to 
osmium tetraoxide (OS04) or ruthemium tetraoxide (Ru04) vapour. OS04 selectively stains the 
rubbery blocks that include carbon-carbon double bonds, such as butadiene and isoprene. On the 
other hand, Ru04 selectively stains the glassy polystyrene blocks. 
Laurer et al. [26J have shown the morpbology of block copolymer gels made from SEBS and oil. 
See Fig.2- l9. In their research, they utiliz.ed Ru04 for the staining of the polystyrene domains, 
then, concluded that variation in composition from 10wt"1o of polymer to 30 wt% of polymer or 
cooling rate does not have any perceivable effect on micelle size or shape. 
Fig.2-19 TEM micrographs oftbe TPEG with Woil =0.80 quenched (a) 
and slow-ax>led (b) [26] 
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Laurer et a1[141) also elucidated the effect of both midblock and oil compatibility on the 
morphology of S18 and SEPS triblock copolymer gels. They observed that each copolymer gel 
showed lamellar, cylindrical or spherical structure, which were dependent on the polymer 
weight fraction However, it was cleared that a lamellar structure composition regime of 
SEPS/oil system was extended from that of SIS/oil system It was interpreted that this was due 
to the greater incompatibility of the EP midblocks of SEPS with the PS endblocks rather than 
that of the I midblock of SIS. 
2.2.4.2 Small angle X-ray scattering studies 
The technique of small angle X --my scattering (SAXS) is ideal for the investigation of the 
morphology of triblock copolymer gels because the length-scales probed are typical of those of 
block copolymer microstructures, i.e. l-I00nrn[88] In contrast to rEM, the structure of the 
sample is averaged over the macroscopic size of the beam is probed. From this point of views, 
the SAXS technique has been extensively used for investigating the morphology of triblock 
copolymer gels. 
The first study of morphology analysis using the SAXS technique was reported by Mischenko 
et al. (27) It was confirmed that the ordered structure of a SEBS gel gives rise to a well-defined 
low angle scattering pattern consisting of a sharp maximum and a second one which is more or 
less pronounced depending on the polymer concentration In their subsequent pap~, the 
morphology of SEBS and SEPS triblock copolymer gels was anaIyzed in more detail. 
Consequently, it was concluded that the ordering of the PS domains is a function of block 
copolymer concentration, molar mass, endblocklmidblock ratio and temperature. One of the 
typical results is shown in Fig.2-20. As shown in this figure, with increasing molecular weight 
of the block copolymer, end--to-end distances in gels increased. On the other hand, with 
increasing polymer concentration, the end-to-end distances decreased. 
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Fig.2-20 Schematic image of eruI_to-endf28]. 
Laurer et al.(38] also examined by SAXS the morphology of TPEGs composed of SEBS 
copolymer and mid blocks compatible with mineral oil. In Fig.2-2I, their SAXS profiles for 
slow cooled and quenched gels with different composition are shOWll The observed scattering 
behaviour was typical of systems composed of well-formed microdomains of high electron 
density relative to the surrounding matrix. In these systems, the styrene-rich micelles possess 
the higher electron density. On the other hand, the oil-1'ich matrix was a homogeneous mediwn 
oflow electron density. The computed micellar separation distance (D) ofTPEGs as function of 
the fraction of oil (Woil ) and the copolymer concentration (C) is shown in Fig.2- 22. D is 
observed to increase slightly with increasing Woil ' Laurer et al. (38] interpreted the behaviour of 
D, which should scale as C IlJ , in the semi dilute regime of a triblock copolymer in the presence 
of a midblock-selective solvent and this scaling relationship requires that neighbouring micelles 
do not interact and remain nearly constant in size. The fitting of a power-law expression in 
Fig.2- 22 agreed with the data up to C equ::l to 0.15 g/crn3 approximately. Consequently, this 
suggested that the micelles start to interact in the vicinity of C '" 0.15 g/crn3. 
As described in this section, the SAXS technique has also played an important role in the 
investigation of the morphology of triblock copolymer gels. From this point of view, these 
techniques will be used for the present research. 
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Fig.2-21 SAXS scattering profiles for four s1ow-cooled (0) and 
quenched (e ) 1PEGs differing in composition ~oiJ 
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Fig.2-22 Micellar separation distance of SEBS mblock copolymer gels[38!. 
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2.2.4.3 Orde.-disorder transitions 
So fiIr, there have been re1atively little research on ordet-disorder transitions in block copolymer 
gels. Kleppinger et all37l have examined the order-disorder transition temperature of SEBS 
tnblock copolymer gels using SAXS technique. From their resu1ts, it was confirmed that the 
order-disordes- transition temperature depends on the polymer concentration, that is, with 
increasing polymer fraction in the gels, the transition temperature increased. 
On the othes- hand, Jackson et al [148] investigated the order-disorder transition temperature of 
SEBS tnblock copolymer gels by measwing the rheologica1 properties. In their study, the 
order-disorder transition tempemture was defined as abrupt changes in storage modulus, G' and 
loss modulus, G". However, since they used the changes ofboth G' and G" for detemIining the 
order-disorder transition temperature, it was difficult to decide the transition tempemture as a 
single temperature. 
Soenen et al [39) studied the SEBS and oil system by use of differentia1 scanning ca10rimetry 
(DSC). Intheirresuhs, theorder-disordertransitionwas detected as an endothennic peak. In this 
papes-, however, the interpretation of the endothermic peak: was not given to explain why the 
endothermic peak: can be observed at the order-disorder transition temperatures. Fwthermore, 
the effect of the annealing on the order-disorder transition tempemture was not clear, because 
endothermic peaks obtained were re1atively ambiguous. 
In summary, the ordCS'-disorder transition temperatures obtained by using the methods descnbed 
above are summarized in Fig.2-23. As clearly seen in this figure, the order-disorder transition 
temperatures are dependent on the polymer COflcen1Iation. The slightly difference between the 
Tods obtained by SAXS and DSC may be caused by the discrepancies of the molecular weight 
of used oil component for SEBS gels. 
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Fig.2-23 The ordcr-disorder transition tempaatures obtained by sevezal meIhods. 
(e) , (t,.) and (.) cIeoo1c 1hc data from DSc£39l, data from SAXS[37J , data from 
rbeology 1I!IlIiysis[148J of a SEBS gel, respectively. 
2.2.5 Physical and mechanical behaviour of block copolymer gels 
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In order to Wlderstand the relationship between the morphology and the physical and 
mechanical behaviour of block copolymer gt'ls, the properties of gels have been investigated by 
the use of several other techniques. In this section, the stress-strain studies, stress relaxation 
, 
studies and dynamic mechanical behaviour of block copolymer gels are reviewed. 
US.l Stress strain studies 
Mischenko et at [28] examined the behaviour of defonned PS domains in both SEBS and SEPS 
1nolock copolymer gels by use of smaII angle X-tay scattering (SAXS). Since the obtained 
SAXS auves of the deformed and undefurmed samples coincide for both vertical and 
horizontal sections of a two-dimensional scattering pattern, it was concluded that the size and 
shape of PS domains have not been influenced by stretching up to 150"10. 
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Recently, K1eppinger et a1. [33) investigated the stress-strain behaviour and the structural 
development ofSEBS triblock copolymer gels by use oftime-resolved SAXS. In their study, it 
was concluded that the average size of the PS domains was not affected by stretching 
deformation up to 200%, which supported the above Mischenko's resulfSI. In addition, 
increasing interdomain spacing along the deformation axis was confinned from the sifting of the 
structure factor maximum at 1arger deformations. Fmtbermore, from experiments at different 
extension rates, it was found that the deformations at microscopic level can be either non-affine 
or affine, depending on the extension rate, i.e., when using high deformation rates, the affine 
defonnation was found. On the other hand, at low deformation rates, a non-affine deformation 
was seen. The author concluded the different behaviour of the transfonnation was due to the 
entanglement contributions in the network structure of the gel. 
2.1.5.2 Stress relaxation studies 
The stress relaxation behaviour of block copolymer gels has been examined by several research 
groups. Guenet et a1. [!49) have investigated the compressive stress relaxation responses of 
isotactic polystyrenelcis-decalin gels at different deformation ratios and at different 
concentrations, respectively. In their experiments, the double logarithmic slope m was obtained. 
Here, 
m = dlog(E) I dlog(t) (2-22) 
where E and t are the relaxation modulus and the decay time, respectively. TIrus, the obtained 
value of m was of the order of magnitude of 0.10, which was typical of lightly cross-linked 
rubbers, but higher than the relaxation rate observed in highly cross-link:ed[1~ (m "' 0.02) or 
swollen (m ~ 0.02) rubbers[!5!). 
Katime et a1. (147) have also investigated the compressive stress relaxation behaviour of gels 
composed of SEBS and several paraf6nic oils in a similar way to that ofGuJ49] et a1. Their 
resu1ts showed that the double logarit1unic slope, m, was dependent of the average carbon 
number of the paraffinic oils used. 
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2.2.5.3 Dynamic mechanical behaviour 
There have been an enormous II1.IIIlbers of investigations on the rheology of block copolymer 
gels, because these systems are very suitable for studying. Laurec et al138J examined the dynamic 
rheological behaviour of SEBS tnblock copolymer gels with respect to polymer concentration 
dependence, frequency dependence, strain dependence and temperature dependence up to 140 
• C. From the frequency spectra, it was confirmed that their systems behaved as physical gels up 
to temperatures near 1OO·C. Moreover, it was found that a transition responsible for an abrupt 
reduction in G' occurred at temperatures between 10S and liS' C for the cases of gels with 10 
and 20 wt"1o of copolymer. The authors mentioned the transition might be the orde2-disorder 
transition. However, the interpretation of the COITdation of rheology behaviour and the 
order-disorder transition was not discussed by them. 
Laurer et al [145] also invesrigateJ!, as above, the dynamic rheo1ogica1 behaviour ofboth SIS and 
SEPS tnblock copolymer gels. In their paper, it was concluded that the difference of structt.n"e of 
the midblock of the triblock copolymer affected sensitively the compatibility of midblocklused 
oil and midblocklendblock. Consequently, the differences between SIS gels and SEPS gel 
behaviour occured. The results showed the hydrogenated and more fleXIble EP midblocks fonn 
a more e1fective network than their parent isoprene midblocks in the presence of the oil. 
2.3 Paraftinic oils 
Generally speaking, paraffinic oils have been used with natural and synthetic rubbers as a 
plasticizer that improve the processability of rubbers more easily and effectively. Paraffinic oils 
play significant roles as follows. 
(1) To distnbute compounding ingredients easily 
(2) To reduce temperature rise and compensative energy during the mixing of rubber 
(3) To plasticise rubbers for moulding and curing processes 
(4) To improve the properties of rubber products, such as low-tempenltUre resistance, weather 
resistance and thermal and ozone resistance. 
In order to achieve the above, it is required that paraffinic oils have properties of good solubility 
with the rubbers, the appropriate viscosity, low flow temperature, thermal resistance and high 
puritylIS2J. With increasing amounts of rubber products, the properties of paraffinic oils are 
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getting more essential. 
The paraffinic oils have been produced and commercialised through following processes. 
(1) Distillation 
(2) Distillation under reduced pressure 
(3) Reduction of impurity components 
(4) Extraction ofwax 
Initially, paraffinic based oil was disti11ed through 1he distillation processes (1) and (2) to 
separate it into LP gas, naphtha, gasoline, kerosene, light oil and heavy oil. The paraffinic oils 
used as plasticisers are included between light oil and heavy oil fraction. Next, 1he remaining oil 
is hydrogenated at high temperature and high pressure to reduce impurity components within 
1he oil(3). Because of1his process, the oil obtained becomes clear and refined. Lastly, any wax in 
1he oil is extracted by use of solvents (4) to obtain a highly refined paraffinic oil. 
Recently, with developing and commercialising thermoplastic elastomers, paraffinic oils 
blended with them have been extensively investigated. It was found by Ohlsson et a1. (153) that 
blends of polypropylene, SEBS triblock copolymer and a white non-aromatic mineral oil 
including paraffinic and naphtbenic hydrocarixlns fonn thermoplastic interpenetrating polymer 
networlc (IPN) structures. The oil was used to improve 1he processing properties of SEBS, 1hen 
it was confirmed that the oil partly dissolved in the polypropylene phase, causing a remarkable 
lowering of the polypropylene glass transition tempernture. Hudson et a1. (154,15'1 submitted a 
patent relating to a gel composed of SEBS and oil for use as sealants. The roles of paraffinic oil 
in 1he thermoplastic polymer industry is veIY important. 
2.4 Poly (2, lHIimethyl-l, 4-phenylene oxide) (pPO) 
2.4.1 General aspects of PPO 
PPO has been used industrially as an engineering plastic for a long time. However, since its 
processing without blending is difficult, PPO has been utilized in blended systems with o1her 
engineering plastics. If PPO compounds can be obtained as the fully-miscible compounds, it 
has been expected that the properties of those are very stable and independent on the processing. 
From 1his point of view, the research and developments ofPPO compounds have been explored. 
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One of the most popular compounds is the PPO/PS blend, which is desccibed in the following 
section. Other than this system, PPO/aayloni1ri1e-butadiene-styrene copolymer (ABS) blends 
have been also studied extensive1yP56,m). 
ABS is a resin which has distnbuted rubber particles in a matrix. Instead of the PS in high 
impact polystyrene (HIPS), the styrene-aayloni1ri1e copolymer (SAN) has been used as the 
matrix for ABS[1$6J. Therefore, the miscibility ofPPO with ABS depends on the composition of 
SAN in ABS. From DMTA results obtained by Jzawa et alP57J, it was confirmed that the loss 
modulus of the PPO/SAN (50150) blend with less than 5% of AN showed a single peak. 
However, with incceasing AN amount, the peak was split into two peaks, which was caused by 
decceased miscibility. Norma11y, 23-27"10 of AN has been used for the practical blend system. 
Hence, it has been con1irmed[I'8) that the structure of that has a phase separated morphology. 
2.4.2 The effect of blending with polystyrene compounds 
Fig.2-25 shows the glass transition tempenture, Tg, ofPPO/PS blends[1~. As seen in this figure, 
PPO is miscible with PS at all COl'lceuuations ofPPO. As described earlier, it has been difficult 
to process pure PPO without blending, obtaining of the miscibility ofPPO with PS yields the 
high performance in terms of strength and durability at higbtemperaturelI58). 
On the other band, there have been few papers on PPO blending with PS-based triblock 
copolymer gels. So fur, only Jackson et alP48J investigated the effect of the addition ofPPO to 
the system of SEBS triblode: copolymer and paraffinic oil on the morphology and dynamic 
rheology. In their study, it was confirmed that a slight inccease of the PPO content (up to 3wt%) 
in this triblock copolymer gels promotes increases in micelle size, confirming that the PPO 
primarily resides within the PS block micelles. 
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Fig.l-24 Tg 81Id 1he cnmpt"'itian ofPPO in PPO/PS bIendiJJg system[IS9). 
2.5 Damping properties 
As desaibed in Chapter I, one of the objectives of this study is to investigate the damping 
properties of block copolymer gels. In this section, damping properties of block copolymers and 
block copolymer gels are reviewed specifically. 
2.5.1 Damping with block copolymers 
Regarding damping properties of styrene-based 1riblock copolymers, Cowie et aI. [loo. 161) 
investigated the damping characteristics of poly[styrene-b-{ethylene-butylene)-b-styrene] 
triblock copolymer (SEBS) to undemand the effect of casting solvents. Since it was confirmed 
that varying the solubility parameter, SP of casting solvents from SP of polystyrene to SP of mid 
block influences the tan 8 peak of the polystyrene blocks. It was concluded that the casting 
solvents affect the phase behaviour in which the two component blocks are distnbuted in the 
solid state. 
In addition to this study, they also SU!VeYed a liquid-liquid transition[l61) by examining the 
damping properties ofSBS and SEBS tnblock copolymers. The results proved the existence of 
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a tanS peak, the liquid-liquid transition, around 60"C above Tg of polystyrene. 
Other than the studies on styrene-based triblock copolymers, Ghosh et al. (I62J studied the 
damping properties of a segmented polyamide, which is composed of poly ether and polyamide 
structural units. In this study, in order to understand the three transitions observed, i.e., a, p 
and r transitions, the measurements of damping properties was applied successfully. Each 
transition was observed as tan S peak and was explained as follows. 
a transition (observed at high temperature): the onset of motion of large chain segments. 
P transition (observed at medium temperature): the relaxation of the soft amorphous polyether 
segments. 
r transition (observed at low temperature): the onset of co-operative movements of 
methylene groups in the amorphous region. 
As stated in this section, the analysis of the damping behaviour is very useful for detennining 
transition behaviour in polymeric materials. 
2.5.2 Damping with block copolymer gels 
There have been few published papers about the damping properties of styrene-based tnblock 
copolymer gels, because block copolymer gels are normally very soft materials. These gels are 
not very suitable for practical applications which require the stable sustaining of a mass of a 
damping system. However, Matsuse et al. [163.164] have proposed these soft materials for practical 
applications in their patents. According to these patents, if the conditions of mass and the 
environment for the practical applications are moderate, the gels can be applied for the practical 
uses, even though they are soft materials. The! efore, it can be said that it is very important to 
evaluate the damping characteristics of block copolymer gels for practical applications. They 
invented low molecular weight component exIellded graft copolymers of a maleated 
polypropy1ene and a maleated block copolymer. As one of the examples in the patent, it was 
listed that a gel, which is composed of SEBS--po\ypropylene graft copolymer and aromatic oil, 
has a high tan S value (more than 0.20 at 30"C). 
2.6 Damping for disk drives 
As desaibed earlier, one of the specific applications, a disk drive system, such as in a CD player 
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and in a hard disk drive, has been chosen for the present study. Therefore, some particular 
measurements have been made to investigate the possibility of applying these materials to this 
application. In this section, some basic theory and the mechanism of disk drivers are reviewed, 
then the research related to the damping are described. 
2.6.1 Introduction to the function of damping for disk drives 
In Fig.2-25, the schematic diagram of a CD player has been shown. 
Fig.2-25 The schematic diagram of a CD player1I6S]. 
Generally, information is stored on a CD as a series of pits[16S] The pits and lands (the areas in 
between) represent the digital sound data In the player, a laser beam is focused on the track 
from beneath the disk and reflected back to a detector. The varying intensity of this light caused 
by the pattern of pits and bumps is converted into an audio signal. Therefore, detecting the 
intensity of the reflected light accurately is very important for the total performance of a CD 
player. Recently, portable types of CD players are very popular and common. This means that 
unwanted vibrations from outside are constantly occurring. If the light detector in a CD player is 
suffering from vibrations without any protection, the distance between the track and the focusing 
lens is incorrect, and, consequently, reading errors can without doubt be induced. Hence, it is 
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very important for makers of CD players to control the vibrations from outside as well as inside 
in order to avoid these reading errors. 
In order to prevent the problem descnbed above, several protection modes have been developed. 
There is a data recording protection that can record the sounds for 5-10 s constantly before the 
practical play. Even though accidental reading errors happen in this system, the recorded sounds 
are automatically played instead of the error data. In this system, the protection mode is always 
backed up during the playing time. However, the more generalized protection mode is the 
system with isolators. Most CD players have several isolators as shown in Fig.2-26 (a) in the 
next section. By assembling these isolators within a CD player, reading errors can be prevented 
mechanically. (General theory of damping for disk drives is described in 2.6.3.) As described 
above, for CD players with high performance, the function of isolators is very significant. 
2.6.2 Conventional damping materials for disk drives 
In this section, the papers and patents on the conventional damping materials for disk drives are 
reviewed. First of all, photo images of a portable CD player (Goodmans GCD44XP) and the 
assembled practical rubber isolators are shown in Fig.2-26 (a) and (b), respectively. In Fig.2-26 
(b), the shape and sizes of rubber isolators are designed to fit in the system. 
As in the above example, rubber isolators are widely used to dissipate vibrations generated in 
machines and electronic equipment. However, it has been recently pointed out that the 
effectiveness of the rubber damper is often limited because of the dependency of its damping 
characteristics on both frequency and temperaturel6J. In order to improve the characteristics of 
the rubber isolators, Chang et al. [3) studied the damping and stiffuess characteristics of butyl 
rubber isolators for compact and video disk players by applying a solid core into the rubber 
isolator with an interference tolerance fit. They measured the transmissibility of a model of a 
compact disk player at natural frequency by changing the core diameter to investigate the effect 
of the friction force on damping. As a result, it was confirmed that the damping of the rubber 
isolator was affected by the shear deformation of the isolator at the interface between the rubber 
and the core. In addition to this, it was found that the rubber isolators with the solid core had a 
good damping performance under varying environmental temperature (10-40 0c) conditions. 
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There have been many other studiesll66, 167] on damping enhancement by shear deformation in 
which the dimensions of the damping material were adjusted so that the optimal damping 
condition was obtained. 
Fig.2-26 <a) CD playez(()oodmans GC044XP). The isolators are located at 
positions designated by the arrows. (b)Photo image of the rubber isolators. 
It can be said that research into the damping properties ofiso1ators is one of the most important 
subjects for the computer industry and our future life, because the speed and the accuracy levels 
of recording and regenerating devices should catch up with the computing speed of the 
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computers. 
2.6.3 General theory of damping for disk drives 
In general, damping materials for preventing transmission of outside noise are utilized by means 
of passive way in Fig.2-27. 
Disk 
m 
Isolator 
k c 
Base -+ ,..--__ -1..._--L __ ---, 
Fig.1-17 Passive way for a CD player 
For the system in Fig.2-27, the equation of motion for x(t) and y(t) become 
mi(t)+c(x- y)+k(x- y) = 0 (2-23) 
where m is mass of the system, c is the damping coefficient and k is the stifihess of the 
spring. For the base excitation problem, it is assumed that the base moves harmonicallyl,,7). That 
is 
.-. 
y(t) = Y cosaV (2-24) 
where Y denotes the amplitude of the base motion and lIJb represents the frequency of this 
base oscillation. Substitution of y(t) from equation 2-24 into the equation of motion, 
equation 2-23, yields the following relation. 
(2-25) 
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(2-26) 
OJ = .Jklm is the undamped natural frequency and ,= C 1(2mOJ) is called the damping 
ratio. The solution to equation 2-26 is given as follows. 
(2-27) 
where 
(2-28) 
Here, using the frequency ratio r = OJb IOJ, equation 2-28 is changed to the ratio of the . 
maximum response magnitude to the input displacement magnitude. 
(2-29) 
This ratio is called the displacement transmissibility and is utilized to descnbe how motion is 
transmitted from the base to the mass as a function of the .frequency ratio r = OJb IOJ. The 
relationship between the transmissibility and the frequency ratio with several different damping 
ratios is p10tted in Fig.2-25. It is noted that the region of OJb IOJ <../2 the transmissibility ratio 
is greater than 1, and the value of damping ratio , influences strongly the level of 
transmissibility displacement ratio. To have a small transmissibility ratio, a Q value of , 
should be used in the system. For the region of OJ B IOJ > ../2, the transmisstbility ratio is 
generally less than 1. TherefOre, this region is called the damping region. This means, if the 
frequency of input Vibration is in this damping region, the system is always damped 
mechanically. Interestingly enough, in this region, the transmissibility is also affected by the 
damping ratio ,. However, being different from the case of OJ B IOJ < ../2 , with increasing " 
the transmiSSIbility decreased slightly. 
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2.6.4 Optimal properties of damping materials for disk drives 
Based on the general theoIY described in the previous section, optimal properties of damping 
materials for disk drives are now discussed. 
As described before, the main function of the damping isolator for data recording and 
regenerating devices is to reduce the transmissibility of outside disturbances to the devices. 
Therefore, it was obviously confirmed from Fig.2-28 that a sma\l stifihess k of the damping 
isolator is required to obtain a reasonable damping region, because the mass of a CD is 
re1atively low. For the damping material, the small stifihess can be transferred as low modulus 
of the material. Thus, it is believed that one of the required properties is the low modulus. 
On the other hand, it was also concluded from Fig.2-28 that ( affected the transmisSIbility, 
especially around the natural frequency levels. In order to reduce the transmissibility aroWld the 
natural frequency levels, the value of (should be higher. Neverthe1ess, in the damping region 
( 0) B 10) > ..fi)' the value of ( should be lower. In a CD player, it is believed that the 
transmissibility around the natural frequency is very important, since the high transmissibility 
around the natural frequency is VCI)' harmful for a high-speed data recording system. The 
damping ratio ( depends on the ability for energy adsolption (tan 0 ) of damping materials[6,I>1. 
Therefore, the isolators should have an appropriately high value of tan 0 . 
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On the other hand, when damping isolators are applied in practical applications, they are used in 
defonned states. In that situation, if the impressed stress decreases immediately, the function of 
sustaining devices vanishes. From this point of view, it is expected that the isolators should have 
a low stress relaxation rate. 
As descnbed above, the optimal properties of damping materia1s for disk drives are summarized 
as follows: 
(1) low modulus; 
(2) appropriate high loss factor; 
(3) low stress relaxation rate. 
Other than these conditions, it has been pointed outI6, 9) that the stiffiless k of real damping 
materials such as a rubber generally have a dependency on frequency, amplitude and 
temperature. Therefore, the development of soft damping materia1s with sma11 dependency on 
these parameters is also required. 
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Chapter 3 
Experimental 
In order to show the validity of this research, the details of materia1s, preparation methods and 
characterisation techniques used are described in this chapter. In the section on characterisation 
techniques, the principles of modulated-tempe differentia1 scanning calorimetty 
(M-IDSe) and sma11 angle X-ray scattering (SAXS) are explained. In addition, the principles 
of the transmissibility of mechanical Vibration measurements are also given in detail, since this 
technique is specialized for measuring the damping properties of systems for practical 
applications. 
3.1 Materials 
In this section, the materia1s used in this research, i.e., three kinds of polystyrene-based triblock 
copo1ymer, poly(2,6-dimethyl-l,4-phenylene oxide) (PPO) and paraffinic oils are described. 
3.1.1 Poly [styrene-~ethylene-propylene)-lHtyrene] copolymer (SEPS) 
The chemical structure of this triblock copolymer (SEPS) is shown in Fig.3-!' As shown in this 
figure, this triblock copolymer consists of two end blocks of polystyrene and a mid block of 
poly( ethylene-co-propylene). 
Fig.3-1 Oemical Structure of SEPS 
A commercial SEPS tnblock copolymer (Kuraray Co., Ltd. in Japan, SEPTON 2(07) was used 
without further purification. According to re1ated patents,[161,169) the synthesis of this polymer is 
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desaibed as follows. It was obtained by an anionic living polymerisation that can produce 
triblock copolymers with narrow distributions of molew1ar weight. A polystyrene block was 
first synthesised using an a1kyllithium compound as initiator and then, the polyisoprene block 
was synthesized. F'ma11y, the other polystyrene block was polymerised. There is also a coupling 
method that can make together with each block of the polystyrene and the polyisoprene by using 
a coupling agent such as chlorosi1anes. See Figs.3-2 and refer to Fig.2-2. 
(1) Sequential preparation 
a) R Li + Styrene monomers IVVV\/'- Li 
PS 
b) IVVV\/'- Li + Isoprene monomers--+ 
PS PS 
c) PS PI 
~ 
(2) Coupling preparation 
a)RLi + Styrenemonomers 
Li + Styrene monomers 
PS PI 
IVVV\/'- Li 
PS 
b) IVVV\/'- Li + Isoprene monomers -. 
PS PS 
flIJ 
c) Li + Cl-Si-Cl 
PS PI I 
CH3 
CH3 
I 
~ Si 
PS PI I PI 
CH3 
PI 
PS 
PI 
PS 
Fig.3-2. Schmlatic diagram ofprepatation methods for SIS copolymers 
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It is well known that the miaostructure of polyisoprene so synthesized is dependent upon the 
tempet.62J and the type of so1ventl6OJ employed in the polymerisation. In a non-polar solvent 
(e.g., cyc1ohexane), polyisoprene has a high 1,4-addition, while in a polar solvent (e.g., 
tetrahydrofuran), polyisoprene has a high vinyl content (1,2- and 3,4- addition). According to 
the supplier of this polymer, the isoprene blade has high 1,4-addition. TIrus, it is supported that a 
non·polar solvent was used for the polymerisation. 
The poly(styrene-b-isoprene-b-styrene) tnbloclc copolymer was treated by a hydrogenation 
process[l68J in an inert solvent. 
Since it was not poSSIble to obtain the UIIhydrogenated polymet; it was difficult to calculate the 
degree of the hydrogenation of the polyisoprene block. Howevet; from the patentP68J, it was 
estimated that the ratio of the hydrogenation was more than 90"10. 
The molec:u1ar weight of this polymer was determined using gel permeation chromatography 
(GPC). Sample solution was prepared by adding ca 10 m1 oftettahydrofuran as solvent to ca. 
20 mg of sample and leaving overnight to dissolve. The following day a smaJ1 amount of 1,2 
-dich10r0benzeD.e was added as an intemal marlcer. The solutions were thorougbly mixed and 
filtered through a 0.2 miaon polyamide membrane prior to the chromatography. A cohnnn of 
PLge12 x mixed bed·B of30 cm length was used. A flow·rate of 1.0 mlImin and a temperature 
of 30'C were applied for the measmement. The data were acquired and processed using 
Uiscotek Trisec 3.0 software. The output for this polymer is shown in Fig.3-3. The GPC system 
used for this worlc was cahbrated with polystyrene standards. Therefore, the resuhs summarised 
in Table 3·1 are expressed as the "po1ystyrene equivalent" molec:u1ar weights. 
As seen in this figure, it was obvious1y confirmed that the SEPS tnblade copolymer has a single 
peak. Therefore, it can be said that the short blocks, such as SEP dtblock copolymer, PS and EP 
blocks, were not present. 
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Fig.3-3 GPC Chromatogram ofSEPS 
Nuclear magnetic resonance (NMR) spectroscopy was used to determine the composition and 
microstructure this block copolymer. In Fig.3-4. the IH_NMR spectrum for SEPS is shown. 
SEPS 2007 
( 
_ ..1_ 
Fig.3-4 IH_NMR spectrum for SEPS 
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Using the integration of resonance intensities for aromatic groups (5'" 6.4-7.2 ppm) and that 
for the three protons in the midblock( 5 '" 0.8 ppm), the PS and EP block ratio was determined. 
The ratio was calculated by asgnning that 100"10 of polyisoprene block was hydrogenated. The 
molecular cbaracteristics of SEPS tnblock copolymer are summarised in Table3-l. The 
polystyrene fraction was 29 wt% and in a good agreement with the provided catalogue data. 
3.1.2 Poly [styrene-b-(etbylene)-(ethylene-propylene)-b-styrene] copolymer (SEEPS) 
. The chemical structure of this tnblock copolymer is shown in Fig.3-S. As shown in this figure, 
this type of tnblock copolymer consisted of two end-blocks of polystyrene and a mid-block of 
polyethylene and poly(ethylene-co-propylene) random copolymer. 
Fig.3-S Chemical structure of SEEPS 
Three samples of SEEPS tnblock copolymer with different molecular weights (Kmaray Co~ 
Ltd., Japan, SEPTON 4033,4055 and 4077 in the order of molecular weight) were used without 
further purification. According to the related patents[168, 169J, the SEEPS tnblock copolymers 
were obtained by anionic polymerisation, as was the case for the SEPS tnblock copolymer. 
If there are aystalline regions within the hydrogenated poly(isoprene-butadiene) block, it was 
suggested in patents[168, 169] that the physical properties of the polymer at low temperatures are 
not desirable. To avoid aystal1ization, the polymerisation of poly('ooprene-butadiene) block 
should be controlled from the view points of the ratio ofisoprene'butadiene monomers. 
After obtaining poly(styrene-b{lSOprene-co-butadiene}b-styrene), the polymer was again 
treated by a hydrogenation process. For the same reason as for the SEPS triblock copolymer, it 
was difficult to determine the degree of hydrogenation of the mid-block. However, according to 
the patent, more than 90% hydrogenation occurred. 
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The molecular weights of three SEEPS triblock copolymers were determined using GPC, under 
conditions identical to that for the case ofSEPS descn'bed already. The GPe results for the three 
SEEPS triblock copolymers are shown in Fig.3-6. As seen in Fig.3-6, each SEEPS block 
copolymer has a reasonably narrow molecular distribution. 
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Fig.3-6 GPC cllI'Omatognuns of SEEPS tnblock copolymm 
7.00 
In Fig.3-7, the IH_NMR spectra for SEEPS tn'block copolymers is shown. By using the same 
method as for the SEPS tn'block copolymer, the PS and EEP block ralios were determined. 
However, it was difficult to detennine the microstructure of the hydrogenated 
poly(Jsoprene-co-butadiene) random copolymer block from only this spectrunl. According to 
the patent'I69), the ralio of isoprene monomer and butadiene monomer used was 2: 1. Therefore, 
the polystyrene block weight fraction was estimated by assuming that mid-block consists of 
66.7"10 of hydrogenated polyisoprene with 1,4- addition andIor l,2-addition and 33.3% of 
hydrogenated polybutadiene with 1,4-addition andIor 1,2-addition. The molecular 
characteristics of the SEEPS tn'block copolymers are summarised in Table3-l. The estimated 
value of polystyrene fraction for each polymer made a good agreement with the data of the 
catalogue from the supplier. 
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(a) low-Mw SEEPS 
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Fig.3-7 1H-NMR spectra (a) for low-Mw SEEPS, (b) for mid-Mw SEEPS and 
(c) for high-Mw SEEPS,Iespectively. 
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3.1.3 Poly [styrene-b-3,4-isoprene-b-styrene] copolymer (VJ-SIS) 
The chemical structure of this triblock copolymer is shown in Fig.3-8. This copolymer consists 
of two polystyrene end-blocks and a mid-block of high vinyl isoprene. Ahhough only 
3,4-addition isoprene is depicted in this figure, some 1,2-addition and 1,4-addition isoprene units 
are also included in the mid-block. As descnbed later, because 3,4-addition isoprene was 
dominant, the chemical structure was descnbed as follows. 
Fig.3-8 Chemical structure ofVi-SIS 
The Vi-SIS block copolymer (Kuraray Co., Ltd, Japan. HYBRAR 5127) was used as received. 
According to the related patentll'lO], the polymer was synthesised by anionic polymerisation In 
order to obtain high vinyl content polyisoprene blocks, a Lewis base, such as dimethyl ether, 
was recommended to use as a catalyst. 
The molecular weight of this polymer was also detennined by GPC. The chromatographic 
conditions were descnbed earlier. The GPC data for this polymer is shown in Fig.3-9. This 
polymer has a narrow molecular weight distribution. 
The composition and microstructure of this tnblock copolymer was also characterised by 
IH-NMR. spectroscopy. The IH-NMR. spectrum for Vi-SIS tnblock copolymer is shown in 
Fig.3-10. 
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-Fig.3-10 IH_NMR spectrum for Vi-SIS 
To determine the composition and microstructure of the isoprene midblock, the chemical shifts 
in the IH_NMR spectrum for the Vi-SIS tnblock copolymer were assigned[122] as [---elk-
CH=C(m)---CII2-](1 proton) at 5 =5.0lppm, [~--cH(CH=CH2)-](l proton) at 5 
=S.7lppm, [-~-CH(CH=CIh)-](2 protons) at 5 =4.86ppm, and [-~­
CH(C(m)=Clh)-](2 protons) at 5 =4.6Sppm. AB a result, it was calculated that Vi-SIS 
block: copolymer had 62% 3,4-addition, 280/0 l,4-addition and 10% l,2-addition in the isoprene 
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block. The molewlar characteristics of Vi-SIS triblock copolymer were summarised in Table 
3-1 along with the other triblock copolymers used in this study. 
Table 3-1. MoIecuIar characteristics of SEPS, SEEPS aDd Vi-SIS triblock copolymers 
Sample code Type Mw MwlMn PS (wt fraction) 
SEPS SEPS 76,500 1.3 29 
low-Mw SEEPS SEEPS 83,000 1.1 32 
mid-Mw SEEPS SEEPS 230,000 1.2 31 
hi-Mw SEEPS SEEPS 280,000 1.3 31 
Vi-SIS Vi-SIS 120,000 1.2 19 
3.1.4 Poly (2,tHfimethyl-l,4-pbenylene oxide) (pPO) 
The chemical structure oftbis polymer was shown in Fig.3-ll. 
---1--0 
n 
Fig.3-11 Chemical structure ofPPO 
A commercial PPO (A1drich Chemicals Ltd.) was used without further purification The GPC 
data for this PPO is depicted in Fig.3-12 and the molewlar characteristics of PPO are 
summarised in Table 3-2. As seen in Fig.3-12, it is clear that PPO has a wider molecular weight 
distribution compared to the other triblock copolymers used in this study. 
Table 3-2. MoIecuIar cbaracteristics of dle PPO polymer 
Sample code Type Mw MwlMn 
PPO PPO 17,400 l.7 
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Fig.3-12 GPC cbromatogratD ofPPO homopolymer. 
3.1.5 Paraff'mic oils 
In order to understand the effect of solvents in the swelling of the 1nblock copolymers, four 
different molecular weight paraffinic oils were used. The product names of the paraffinic oils are 
PW380, PW90, PW32 and PWS. They were produced by Idemetsu Kosan Ltd. in Japan. The 
molecular weight of each paraffinic oil was determined using GPC. Sample solution was 
prepared by adding ca. 10rnl of tetrahydrofuran as solvent to lOOmg of sample. The higher 
concentration compared to the 1nblock copolymers is to match the use of a smaller injection 
valve loop when using the higher efficiency, low molecular weight range cohunns. The sample 
was left for two homs to dissolve. Then, the samples were thorough1y mixed and filtered 
through a 02 micron membrane prior to chromatography. A PLgel 2xmixed bed-E 30 cm 
column was used. A flow-rate of 1.0 mVmin and a temperatureof30·C were applied. The data 
were acquired and processed using U1SC03.0 software. The GPC chromatograms of the 
paraflinic oils are shown in Fig.3-13. The molecu1ar characteristics of the paraffinic oils are 
summarised in Table 3-3. The molecu1ar weights are expressed as the polystyrene equivalent 
molecular weights. 
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Table 3-3. Molecular characteristics of para1linic oils 
Sample code very low-Mw oil low-Mw oil mid-Mw oil high-Mw oil 
Mw 200 510 770 1250 
MwlMn 1.3 1.2 1.2 1.2 
Density Cl/cm3) 0.8560 0.8623 0.8722 0.8769 
Weight !08I1oIDpor-.('C) .. 160 186 222 298 
Flash point ('C) 160 220 270 300 
VISOOlity@40"C{mm"I) 7.98 30.85 95.54 381.6 
Pour point ('C)"2 
-10.0 -17.5 -15.0 -15.0 
Aniline point ('C).3 90.4 111.1 127.7 144.0 
Ring analysis- O/oCA•4 0 0 0 0 
Ring analysis- O/oCN•4 44.1 32.9 29.0 27.0 
Ring analysis- o/oCp•4 55.9 67.1 71.0 73.0 
*1:The lempe1ature atwbich die 2wt"1o ofweightloss is detected by1hermogravimetr 11D8Iysis. 
The sample size was ca. I Omg and die heating rate was 10 "CImin. 
*2: The lanptaature atwbich die oil does not flow due to die growth ofwax oomponc:nfll. 
*3: The lempe1ature atwbich die oil and aniline (ratio 1:1) shows die miscibili1y. 
*4: These parameters were ('!Yamjorrl by AS1M 0.3238. o/oCA, o/oCN and 0/04 reveaIs die 8IIIllIIIlts 
of aromatic rings, naph1bm;c rings and paraffinic compounds,lespectively . 
• 
As seen in Fig.3-B (a), while a single peak was obtained for each paraffinic oil, around 
Mw-250, a shoulder peak was observed in each oil. This shoulder peak may be associated with 
residual wax components[!7!). 
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Fig.3-13 GPC cbromatograms ofparaffinic oils (a) for low-Mw oil, mid-Mw oil aml bigh-Mw oil. 
(b) for Vl:!y low-Mw oil. 
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3.2 Blending methods 
In this section, the blending methods used to make triblock copolymer gels swollen with 
paraffinic oil are described. Two kinds of blending methods were used: solution blending and 
cavity mixing. Depending on polymer content, two types of the cavity mixing: mixing by Haake 
or mixing by a homomixer, were used. In the final part of this section, any polymer 
degradation caused by these blending methods is discussed. 
3.2.1 Solution blending 
Solution blending was used for the SEEPS triblock copolymer gels, because SEEPS tnblock 
copolymers were too high moleaJlar weight to make homogeneous samples by use of cavity 
mixing. The Vi-SIS triblock copolymer gels were also prepared by solution blending to avoid 
the degradation during the cavity mixing. For the SEPS tnblock copolymer gels swollen with 
the ve:cy low-Mw oil, solution blending was also applied, because the very low-Mw oil tends to 
vaporize at high temperature (See Table3-3.). 
The solutions were prepared by mixing the prescribed amounts of triblock copolymer and 
paraffinic oil. Chlorofonn (CHCb) was used as a good solvent for all the triblock copolymers. 
The ratio of chloroform to polymer component was about lQwtO/o. The solutions were mixed for 
24 hours at room temperature. After that, the solutions were cast on to a PET film, and the 
solvent was gradually evaporated for 7days at room temperature. Before sheeting the samples, 
described later, the cast films were vacuumdried in an oven of room temperature for 3 hours. 
3.2.2 Cavity mixing 
Cavity mixing was used for the SEPS triblock copolymer gels swollen with paraffinic oil, 
except for the gels made with the very low-Mw oil. As mentioned previously, two types of the 
cavity mixing were used, depending on the polymer content 
3.2.2.1 Mixing by Haake internal mixer 
The samples with polymer content more than 3QwtO/ ... SEPS were mixed using a Haake 
dteocord 90. The Haake rlleocord 90 is shown in Fig.3-14. In order to avoid oil evaporation 
during mixing, the blending temperature was controlled at 18O"C for the gels with high-Mw oil, 
17O"C for the gels with mid-Mw oil and 160 "C for the gels with low-Mw oil, respectively. As 
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previously seen in Table 3-3, it can be said that these controlled temperatures do not affect the 
weight of the oil component during mixing. The rotor speed were set at 70rpm The blending 
time was determined by the compositions, because oil-rich samples require a sufficient time to 
obtain the well-mixed state. If too much oil is added at one time to reduce the mixing time, the 
compounds slip along the rotors and inh.:>mogeneous states resuh. To avoid this kind of 
problem, the oils were added to the samples little by little, over a 30-40 minutes period to obtain 
homogeneous compounds. After completing the blending, the samples were removed from the 
Haake as soon as possible, and were subsequently compressed. The sheeting conditions are 
described later. 
Fig.3-14 The Haake apparatus 
3.2.2.2 Mixing by a Homomixer 
The samples with polymer contents less than 2Swt"Io-SEPS were made using a TK 
Homomixer, which was made by Tokushu Kika Kogyo Co. Ltd (Japan). The mixer is shown in 
Fig.3-1S. This machine is suitable for blending solutions at these ratios of compounds. The 
temperature of the samples for blending are dependent on the kinds of paraffinic oils, for the 
same reason as described earlier. IS0 ' C, 17O"C and l6O"C were used for the gels with high-Mw 
oil, those with mid-Mw oil and low-Mw oil, respectively. The rotor speed was set at 3000rpm. 
The duration of blending was ca. SOminutes. After obtaining a homogeneous solution at ISO ' C 
etc. , the solutions were cast on to a PET film, and then the cooled gel-samples were compressed 
in sheet, as described later. 
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Fig.3-15 The apparatus of a T.K Homomixer 
3.2.2.3 Polymer degradation 
In order to investigate the effect of the cavity mixing on polymer degradation, the molecular 
weight of SEPS triblock copolymer blended by each cavity mixing was examined by GPC. The 
unmixed SEPS triblock copolymer was also examined as a control. The results are shown in 
Fig.3-16. As shown in this figure, the molecular weight distributions of the three samples are 
very similar. The calculated molecular weight of SEPS triblock copolymer for each sample is 
summarised in Table 3-4. As seen in this table, it can be said that the polymer degradation due to 
the both mixing type was not seen. 
Table H. The molecular weight data for mixed and unmixed samples 
Sample Mw MD Polydispersity 
SEPS without mixing 74,000 69,300 1.1 
SEPS blended by Haake 73,200 68,400 1.1 
SEPS blended by mixer 74,400 69,000 1.1 
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Fig.3-15 The molecular weight distribution ofSEPS triblock copolymers. 
3.3 Compression sheeting 
3.3.1 Sheeting 
The samples prepared by cavity mixing, or soh.ltion blending, were compressed into sheets with 
a thickness of3 mm. For the SAXS experiment, the samples were pressed into a sheet with a 
thickness of Imm to obtain good X-ray scattering intensity. 
The samples were prepared as follows. The samples sandwiched within a compressed mould, 
shown in Fig.9-1 in the Appendix, were inserted into hot press pre-beated to a set temperature. 
This was selected carefully to take care of the oil evaporation The gels with high-Mw oil, 
mid-Mw oil, low-Mw oil and very low-Mw oil were compressed at 180 "C, 170 "C, 160 "C and 
··150 "C, respectively. The samples were heated up to a prescribed temperature, which took about 
3 minutes. The temperature of the samples was kept constant for a further 3minutes without any 
pressure. After that, the samples were compressed under a pressure of IS kglmm2 into a sheet. 
To investigate the effect of cooling conditions on morphology and physical properties, the 
samples were subjected to two different cooling processes. 
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3.3.2 Cooling processes 
(a) Water clrcuIation method (quench) 
The water circulation method was used as a quench cooling processes. Water circulating in the 
heat press quenched the samples rapidly to room temperature. The temperature curve of the 
sample during the cooling process is shown in Fig.3-17. 
(b) Cool naturally (slow cooling) 
In this method, the samples were cooled slowly aver the oourse of about 5 hours. The 
temperature curve of the sample during the cooling process is also descnl>ed in Fig.3-17. 
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Fig.3-17 Tempaawrc curves during cooling processes 
3.3.3 Annealing 
The sample of Vi-SIS-SOwt"Io cooled by the water circulation method, was also annealed to 
investigate the effect of annealing on order-disorder transition behaviour and morphology. The 
annealing temperature was set at (1'od-80)' C, here Too is the order-disorder transition 
temperature detennined by modulated-temperature differential scanning ca10rimetIy (M-roSC) 
experiments. The details of the experiments are descnl>ed in the next section A 24 hours 
annealing time was used for the present study. 
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3.4 Characterisation techniques 
3.4.1 Modulated-temperature ditrerential scanning caIorimetry 
3.4.1.1 Principles 
Recently, a variation on the standard temperature programmes used in thenna1 analysis was 
developed by Readingll721. This technique is called modulated-tempera1ur DSC (M-roSe) 
and acknowledged as a new quantitative thenna1 analysis methods. TherefOre, the research on a 
very wide range of materials using this technique has been extensively conducted[l73, 1741. 
The general principles of M-roSC can be readily understood by comparing it to that of 
conventional DSC. In a conventional DSC, the difference in heat flow between a sample and a 
reference material is evaluated as a function of time, when both the sample and leference are 
controlled by a programmed temperature profile. In this case, the temperature profile is linear. 
Thus, the programmed sample temperature, T(O, can be given by 
T(t) = 1'0 + p·t (3-1) 
where To, p, and t is the initial temperature, a constant heating (or cooling) rate and time, 
respectively. 
In the case of M-roSC, a sinusoidal temperature modulation is supe!1lOsed on a constant 
heating rate to obtain a temperature programme in which the average temperature of the sample 
changes in a sinusoidal manner as follows. 
T(t) = 1'0 + p·t + Ar sin oH (3-2) 
where AT is the amplitude of the temperature modulation. 01 is the modulation frequency and 
p = 21r I 01, where P is the modulation period. Fig.3-18 shows a modulated temperature 
profile. As seen in this figure and equation (3-2), the temperature profiles are controlled by the 
following experimental parameters. 
(1) Constant heating rate, P 
(2) Temperature modulation amplitude, AT 
(3) Modulation period, p 
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It should be noted that a cooling process occurs dwing a portion of the temperature modulation, 
even though the constant heating rate is investigating. 
The total heat flow in M-TDSC experiment is given by 
(3-3) 
where Q is the total heat, Cpis sample heat capacity and !(T,t) is the heat flow from kinetic 
processes which are temperature and time dependent. The heat capacity component of the total 
heat flow, C p f3 , is genem11y referred to as the revezsing heat flow and the kinetic component, 
! (T, t), is referred to as the non-reversing heat flow. 
T(t,) T(t,) 
-t 
To 
Tune, t Tune, t 
T(t,) 
To 
Tune, t 
Fig.3-18 Tempeaatun: p'"OfiIe in M-rose 
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Generally, the sample heat capacity is determined in a conventional DSC from the difference in 
heat flow between the sample and an empty sample pan, using sapphire as a calibration 
reference material. Alternatively, Cp can be measured from the difference in heat flow between 
two scans on identical samples at two different heating rates[175). In M-TDSC, the heating rate 
changes dwing the modulation cycle, so that dividing the difference in modulated heat flow by 
the d!fference in the modulated heating rate is equivalent to the conventional DSC two heating 
rates method. The heat capacity in M-1DSC can be given as follows[175). 
(~) 
where K is the heat capacity calibration parameter, ~ is the heat flow amplitude and T D1IfJ is 
the temperature amplitude, respectively. From this equation, the heat capacity can be measured 
inM-TDSC. 
The total heat flow is calCJJlated as the average of the modulated heat flow and the reversing 
component of the total heat flow signal is equal to C pp. Therefore, the non-reversing 
component of the total heat flow, f (T, t), can be given as follows: 
Non-reversing heat flow= total heat flow - reversing heat flow (3-5) 
In general, the non-reversing signal can be used to reveal the presence of irreversible (kinetic) 
processes such as chemical reactionsP76J (oxidation and cwing) and non-equilibrium phase 
transitions (cold crystallization, re1axation/reoJg8nization). 
As desatbed in this section, the advantages of M-TDSC compared it to conventional DSC can 
be swnmarised as follows. 
(1) The heat capacity of a sample, Cp, can be readily obtained. 
(2) M-TDSC can distinguish reversing heat flow and non-reversing heat flow events. 
(3) M-TDSC has a good sensitivity to measure a small heat event[l77]. 
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In the present study, in order to investigate the heat capacity behaviour of styrene-based triblock 
copolymer gels, the M-1DSC technique was used. As mentioned above, M-1DSC can provide 
us with information on the heat capacity easily and is a powerfu1 tool for the detection of sma11 
heat event such as the order-disorder transitions of block copolymer ge1s[391. 
3.4.1.2 Conditions 
A DSC2920 modulated DSC made by TA Instruments was used. A heating rate of3'C /min 
was used. Each sample was weighed to be in the range of5-IOmg. The oscillation amplitude 
and period were 1.0' C and 60 S, respectively for norma1 measurements. In order to investigate 
the effect of heating rate on the Tod, five different heating rate, 0.5, 1,2, 3 and 5'ClmiD, were 
used. Forthese measurements, excluding the measurement at 5' ClmiD, the oscillation amplitude 
and period were also 1.0' C and 60 S, respectively. Forthe 5' Clmin measurement, the oscillation 
period was changed to 30 s to obtain enough modulations to analyse the transition temperature 
accurately. The calorimeter was cahbrated, as a conventional DSC, with a standard indium 
sample. 
3.4.2 Dynamic mechanical thermal analysis 
3.4.2.1 Temperature dependence 
To investigate the temperature dependence of storage modulus, 0', loss modulus, G", and 
tan S( = G" / G') of the samples, DMTA experiments were conducted using a DMTA2980 
dynamic mechanical analyser made by TA Instruments. Since block copolymers swollen with 
paraflinic oil have a very low elasticity, the shear mode was employed using 10 x IOmm (height 
x width) parallel plates with a mean gap size of2.5mm. The tensile mode was employed for 
block copolymers sheet without oil. In this case, the dimensions of a sample were ca. 20 x 7 x 
Imm(height x width x thickness). The fu:quency and the stmin of the measurements were fixed 
at 1 Hz and a mean stmin of 1.0"10 for both the shear mode and the tensile mode, respectively. 
Although the temperature was ramped at 3"C/min from -lOO to 150"C, some samples were too 
soft to be run to the high temperature. 
3.4.2.2 Frequency dependence 
To investigate the frequency dependence of the storage modulus, 0', loss modulus, G" and 
tanS of samples, DMTA experiments were also conducted at 25'C using the shear mode. 
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Frequency levels of 0.1, 0.2, 0.5, 1.0,2.0,5.0, 10 and 20Hz were analysed. The dimensions of 
the samples were IOmmx 10 mmx3 mm (height x width xthiclmess). 
If slippage ocaJfS between a sample and a clamp during these measurement, the values of 0' 
and 0" obtained would be incorrect. Moreover, if a sample is compressed in the grips to avoid 
slippage, the obtained values are affected by the force of compression with in the clamp zones. 
To avoid this problem of the slippage, the use of adhesives to adhere a sample to a clamp has 
been reported[I78]. In this research, a commercial product, cyanoacrylate adhesive (Super Glue 
gel, Loctite), was used. 
3.4.2.3 Stress relaution 
Considering the practical uses for damping materials, it is essential to scrutinize and understand 
their physical behaviour over a long-time range. In fact, as damping materials in practical 
applications, such as an isolator of a disk drive, are utilised in the compressed state, it is required 
for that kind of use to have stable properties over a long-time range. Therefore, the stress 
relaxation of the samples was examined in this research by the use of the compression mode of 
the DMTA2980 dynamic mechanical analyser. 
Schematic images of applied strain and the change of stress are shown in Fig.3-I9. The 
measurements were carried out at 2S ± 1 • C. Four defonnation levels, 5, 10, 20, and 30 0/ .. were 
examined. After that, the 10'10 defonnation level was selected for standard measurements. 
Signals were collected every 2 seconds. A constant static force ofO.OIN was applied during the 
measurement. The stress relaxation was measured for 20 minutes. 
According to the DMTA2980 manuaI[l79), the following equations were applied to obtain the 
relaxation modulus. The sti1fuess model equation for a sample, analysed using the compression 
clamp, is as follows. 
A·E K=-
t 
(~ 
where K is the sti1fuess or spring constant, E is elastic modulus, A is a sample cross-sectional 
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area and t is a sample thickness. A stifihess correction factor can be defined as follows. 
F =Ks 
• K (3-7) 
where Ks is the measured stifihess and F. is the clamping correction factor, which was 
calculated using the sample stifihess equation and the finite element ana1ysis[226] (PEA) of TA 
instruments. From the above equations, (3-6) and (3-1), the relaxation modulus can be obtained 
as follows. 
(3-8) 
A compressed sheet was cut o1fi»r a sharp blade to obtain a sample of a cylinder shape with a 
diameter of 12.6mm and thickness of ca.3mm. 
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Fig.3-19 Schematic diagram ofstress and strain during the stress relaxation measurement 
82 
Chapter 3: Experimental 
3.4.3 Transmission electron microscopy 
Transmission electron microscopy (TEM) images of the samples were taken at room 
temperature. The uItratbin sectioning (approximately l00nm) was perfonned by 
cryouItramicrotomy at a temperature of under _80' C for all the samples. This temperature, 
which is below the Tg of the mid-block of the tnl>lock copolymers with parafiinic oil, was 
chosen to attain a rigid sample. This sectioning was done using a Leica ultracut uct system. 
It is known[65, 66) that ruthenium tetroxide (Ru04) can stain aromatic compounds, such as 
polystyrene, selectively. Therefore, after sectioning, all samples were stained with Ru04 (4% 
aqueous solution) fur 10-15 minutes to obtain TEM images with high contrast. On the other 
hand, it is also known(65) that osmium tetraoxide (OS04) can stain carbon-carixm double bonds, 
such as in po1ybutadiene and polyisoprene, selective1y. Consequently, the samples of Vi-SIS 
triblock copolymer were stained with Os04 (4% aqueous solution) fur 10-15 minutes to take 
TEMimages. 
A transmission electron microscope QEM-l00cX, JEOL), operated at a 100 kVofaccelerating 
voltage, was used for all samples. !EM images were analysed using Image Pro Plus (Media 
Cybernetics, Ltd.) software to obtain the sizes of polystyrene domains and their distnl>ution. As 
the !EM images were two-dimensions, it was difficult to measure the sizes of overlapping 
polystyrene domains in the images. The tog off mode that neglects overlapping domains was 
used to measure the area of domains accurately. The each domain area was used guessing a 
spherical structure, to obtain a radius. More than 200 domains were counted fur these 
measurements. 
3.4.4 sman angle X-ray scattering 
3.4.4.1 Principles 
As shown in the previous chapter, the SAXS technique has been extensively used fur the 
investigations of domain structures fonned by block copolymers. TIrus, this technique is also 
utilized in this study. In this section, the principles of SAXS[B8, 181,182] are reviewed and important 
points regarding the practical measurements are pointed out. 
By using Fig.3-20 (a) and (b), the principle ofSAXS can be explained as follows. If the sample 
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has electron density inhomogeneities with colloidal size (1-100nm) and the incident beam, Ko, is 
applied to the sample, the corresponding scattered beam, K, can be observed as shown in 
Fig.3-20 (a). In this case, the scattering angle to the incident beam is given as 2f). There are 
other cases that the angle is defined as (). However, in this study, the scattering angle is 
expressed as 2f). The scattering intensity, I(q), is expressed as a function of the scattering angle 
2{} . The variable q can be expressed in tenus of magnitude, 
or in vector terms, 
Iqj = 4n sin () 
A. 
2n( . . ) q=;: 1-10 
(3-9) 
(3-10) 
where i and io are the unit vectors of the scattering vector and the incident beam, 
respectively. 
sample 
ko 
Incident beam 
Scattered .. ~- .... k 
Ca) (b) 
Fig.3-20 Scattering geomeby 
The general scattering fonnu1a is given by the following equation. 
I(q) = FF· = JffJJf cw.dV2P(r1)p(r2)exp(-iq(r1 -r2» (3-11) 
Yi v~ 
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where dV,. and dV2 represent a volume element at position r1 and r2 , respectively. PI 
and P2 are defined as the number of electrons per unit volume at position r1 and r2 , 
respectively. (1j - r2 ) means the relative distance for everJ pair of points. To calculate equation 
(3-11), the following auto-correlation function is defined by 
p2(r) .. ffI dV,.p(r1)p(r2) 
Pi 
(3-12) 
where r = (rl - r2 ). Thus, the density of these points, which have the relative distance r , can 
be given by jP (r). Furthennore, using the auto-correIation function one can carry out the 
second integration. 
J(q) = fff d1Ip2 (r)exp( -iqr) (3-13) 
y 
This is a Fourie:r transfonn. Therefore, the intensity distnbution in q is determined by the 
structure of the object, as expressed by p2 (r). 
Two restrictions in small angle scattering can be introduced to simplifY the above equation. 
(1) The system is statistically isotropic. h makes no difference if this is a property of the system 
as a result of time-averaging due to the random motion of the particles. 
(2) There exists no long range order. This means that there is no correlation between two points 
separated widely enough. 
From the above restriction (1), the complex exponential in equation (3-13) can be replaced by 
the fundamental fomrula ofDeby~l. 
(exp(-iqr») = sin qr 
qr 
8S 
(3-14) 
(3-15) 
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According to restriction (2), at 1arge distances the electron densities become independent, and 
can be replaced with a mean value < p >. The auto-corre\ation function must also tend towards a 
constant value V < P > 2 • For the mean value < P >, the following correlation function can be 
applied. 
(3-16) 
The correlation function allows one to transfOIm the scattering data back into a real space 
distribution. The scattered intensity is then 
.. 
J(q) = VI41rT2dry(r)sin(qr)/(qr) (3-17) 
o 
This is the most general formula fur the clifiiJCtion of systems obeying the above restrictions (1) 
and (2). y(r) is fuund by the inverse Fourier transfonn correlation function. 
1 .. 
Vy(r) = -2 I q2dqJ(q)sin(qr)/(qr) 
271' 0 
(3-18) 
For practiall measurements, the proper data treatment is very important. In the case of SAXS, 
the following data treatments should be considered. 
(1) Raw data correction 
(2) Background subtraction 
(3) Desmearing 
First of a\l, the treatment of the raw SAXS data usually starts with a correction for the empty cell 
scattering which is subtracted from the sample intensity. The second treatment is for the the:rma1 
motion of the sample. Because there exist density variations caused by not only the presence of 
different phases, but also by thennal motions in the sample. The resulting density variations give 
rise to a background. When a constant background level over a sufficiently 1atge 2(} region is 
known, this level can simply be subtracted from the total observed intensity. The third treatment 
is for the smearing effect caused by slit collimation!!8!]. Applying this treatment can yield the 
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pinhole pattern from the smeared pattern by taking into account the weighting function which 
normally multiply the intensity observed by using the slit geometry. 
3.4.4.2 Conditions 
Spatia11y averaged morphological characteristics of the tnblock copolymer gels were 
investigated by SAXS, performed on the Kratky Compact Small Angle System at Changchun 
Institute of Applied Chemistry using a stationary-anode copper-target X-ray tube 
(..t = 0.154 nm) at room temperature. The fine-focus X-ray generator was operated at 45kV and 
40mA The measured intensity was desmeared and corrected for background scattering and 
photoelectric absorption in the samples. 
3.4.5 'fumsmissibility of mechanical vibration 
3.4.5.1 Apparatus 
To investigate the poSSIbility that the materia1s developed in this study can be applied to practical 
use as damping materials for disk drives, this measurement was important. To investigate the 
perlbrmance of samples as damping materia1s, the system arrangement was set up as shown in 
Fig.3-21. 50 g weight of the upper plate in this figure was identical to the weight of a tum-1able 
with a disk: in a CD player (Goodmans GCD44XP). The upper plate was sustained by samples 
at four points. To avoid noise during the measurements due to the interfuce between plates and 
samples, both were fixed by use of a cyanoaaylate adhesive. The dimensions of sample were 
12.7mm diameter x 10 mm height. 
The apparatus is shown in Fig.3-22. Each element in this figure is as follows. 
(a): Ling dynamics systems air cooled vibrator model V550 
(b): The system arrangement with samples shown in Fig.3-21 
(c): Blilel and Kjaer 8303 accelerometer 
(d): Blilel and Kjaer 4367 accelerometer 
(e) and (f): Blilel and Kjaer chalge amplifier type 2635 
(g): Signal Calc Ace Data Physics ana1yzer (Dual-channel vibration ana1yzer) 
(h): CPU, rack mount (Vibration generator) 
(i): LDS digital vibration controller 
G): LDS field PSU 
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(k): LDS vibration amplifier 
upper plate 
lower 
almninium base 
sample sample 
Fig.J-21 Schematic diagram of1ho transmissibility ofvibratiOll 
f 
a 
i 
j -t---I.--'" h.-l..g __ 
k -I::====~..J 
Fig.3-22 Apparatus used for the ttausmisSlbility study 
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Fig.H3 Apparatus for the transmissibility studies 
3.4.5.2 Procedure 
The upper plate and the lower plate with samples were mounted on the top of the shaker with its 
plane perpendicular to the direction of motion. A control accelerometer directly connected to the 
shaker was placed on the lower plate. Another accelerometer was placed on the upper plate. 
Each accelerometer was then connected to a charge amplifier. The vibration generator was set 
up at different excitation levels from 1.0, 2.0, 2.8 to 3.2 rnJi" to examine the effect of the 
excitation level on transmissibility behaviour. The frequency range targeted for the wideband 
random "white noise" signal was 0 - 2000Hz. The transmitted function of the frequency was 
analyzed by a harmonic analysis using Fourier analysis. The relative vertical acceleration of the 
upper plate versus the lower plate was measured. The results obtained from the dual channel 
vibration analyzer were given in terms of magnitude of the absolute transmissibility of the 
system. 
3.4.5.3 Analysis procedure 
The experimental system used in this study can be modeled mathematically as a one degree of 
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freedom system fur an ideal situation, as described in Chapter 2. This is achieved by writing the 
mathematical equations of motion of the system using the relevant dynamic parameters, ie., loss 
factor, natura1 frequency and stiflhess of the samples, which were explained in the previous 
chapter. They can be determined ideally by use of a cwve fitting method[4). The curve fitting 
method is the analytical process that calaJ!ates the mathematical parameters, which produce the 
closest possible fit with the measured data. The method ofleast squares applied to curve fitting 
is one of the techniques used to minimize the deviation between measured data and predicted 
values. This calcu1ation has been done by use of the solver procedure in MS Excel. 
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Chapter 4 
Miscibility and morphology 
From this chapter, the experimental results are shown and discussed. As desm'bed previously, 
one of the objectives of this research is to elucidate the effects offomrulation variables such as 
composition ratio, molecular weights of the paraffinic oils and triblock copolymer, 
poly(2,6-dimethyl-l,4-phenylene oxide) (PPO) as an additive and the cooling process on the 
morphology of the obtained physical gels. In this chapter, the results on misCl'bi1ity and 
morphology for each system examined by using modllhrted-temperature differential scanning 
calorimetry, transmission electron microscopy and small angle X-ray scattering are deSQl'bed 
and discussed. 
4.1 SEPSlparatrmic oil system composition study 
4.1.1 Modulated -temperature differential scanning calorimetry 
Fig.4-1 shows the heat flow and the heat capacity of the SEPS triblock copolymer without any 
oil obtained by M-IDSC from-l00"C to l30"C. In order to eva1uatethe thermal history of the 
samples, the first run was the received sample without any heat treatment. After the first run, the 
sample was kept at 130 "C fur 0.5 hours and slowly cooled at a rate of 1 "C'min to room 
temperature. After the slow cooling, the second run was conducted. Both resuhs are shown in 
Fig.4-l. As seen in this figme, over the temperature range examined, the heat flow and the Cp 
behaviours of first run and second run were almost identical. From these resuhs, it can be 
confirmed that the morphologies ofboth samples are nearly the same and the slow cooling did 
not change the initial morphology of the received sample. 
The Tg ofEP block can be detected from the step change ofCp or an abrupt change ofheat flow. 
In this study, the Tg ofEP block was determined by using the temperature at the inflection point 
. of the step change in the Cp CUIVe. As a result, the Tg of EP block without any oil was 
determined as -56.8 ± O.S "C. On the other hand, it has been very difficult to detect the Tg of PS 
blocks by using M-IDSC, because the fraction of PS was relatively small ( '" 29wt"/o). 
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Fig.4-1 The heat flow and heat capacity curves for SEPS triblock copolymer 
obtained by M-roSC. The resuIts of first nm and second nm are shown as dashed 
Iines and soIid Iines, respectively. 
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Fig.4-2 The viscoeIas1ic behaviour ofSEPS 1riblock copolymer. 
The storage modulus and the loss modulus are represented as a solid line 
and a dashed line, respectively. Tuna is shown as a baIf dashed line. 
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In order to detect the Tg of PS blocks in SEPS, the viscoelastic behaviour of the slow cooled 
sample was measured by using DMTA in the tensile mode. The resu1t is shown in Fig.4-2. As 
seen in this figure, the storage modulus gradually deaeased above 40 ·C and the loss modulus, 
little by little, increased up to 9S "C. The tanS peak was observed around 97 "C. Consequently, 
the Tg of PS blocks was determined from the peak temperature of tanS [1821 as 97 ·C. 
Fig.4-3 showed the heat flow and the Cp cwves for the high-Mw oil. Interestingly enough, the 
paraffinic oil has several peaks in the heat flow and the Cp curves. As desaibed in chapter 2, the 
paraffinic oil is a compound mixture. Therefore, it encompasses sma11 amounts of wax 
componentsll7l1• Therefore, it is believed that the biggest step change in the Cp observed at 
-{)SOC around COIlesponds to the Tg of the paraffinic oil. The other complex peaks in the heat 
flow and the Cp curves might be caused by the me1ting of tiny crystalline parts of the wax 
components formed in the paraflinic oil. Other paraffinic oils with different molecu1ar weights 
have also the same kind of complex behaviour. Consequently, the temperature of the inflection 
point of the biggest step change observed in the Cp curve was accepted as the Tg of the 
particular paraflinic oil. 
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Fig.4-3 The heat flow and the heat capacity curves for the high-Mw oil. 
The heat flow and the heat capacity BR: shown as a solid line and a dashed 
line, respectively. 
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The Tgs ofparaffinic oils determined by M-IDSC are summarized in Table 4-1 with the data 
from the supplier. It is clearly confinned from this table that the Tg ofparaffinic oil depends on 
the molecular weight. On the other hand, it is obvious that Tgs obtained in this study were lower 
that those data from the supplier. This difference may be associated with the heating IlIte used in 
the experiments. Since the supplier's data were obtained by a conventional DSC with a heating 
rate of 10 "CImin, compared to 3 "C'min in this study, They might be observed as the higher 
temperatures than those in this study. There may also be a sma11 frequency effect on this 
differencJ131. In the present study, the Tgs acquired by M-IDSC have been used for the all 
following analysis. 
oil-code name 
high-Mw oil 
mid-Mw oil 
low-Mw oil 
Table 4-1 Tg ofobtaillf'll by M-TDSe and the dalafrom the suppJieI' 
Tg obtained by M-TO se /"e Tg ( Data of supplier) /"e • 
-64±0.5 -44 
-75±0.5 -60 
-85±0.5 -71 
"Tg (Data from the supplier): a conventional DSC with a heating rate of 10 0C/min was used 
for the determination. 
Fig.4-4 showed the Cp cwves for the SEPSlhigh-Mw oil gels with different compositions. All 
SEPSlhigh-Mw oil gels showed a single transition in the Cp curve, which means that EP block 
is miSCIble with high-Mw oil. It was also confinned that with increasing oil component, the 
temperature of the step change in the Cp decreased. In order to discuss the composition 
dependence of the Tgs, the observed Tgs were plotted in Fig.4-5. 
From the solubility parameters of PS blocks (9.1 (caJJcm3)II1.), EP block (7.9 (caJJcm)~, and 
paraffinic oils (6.9 (cal/cm)~ shown in Table 2-2 previously, it has been considered that the 
paraffinic oil can selectively dissolve the EP blocks in SEPS. Therefore, the parameter of 
horizontal axis was modified for the weight fraction of the EP block, Wd(Wu+W,.v, 
excluding the weight fraction of the PS blocks. In order to compare the obtained data to the Fox 
equation, which is very useful for the analysis of the Tg for blend systems[l83l, the calculated 
data used by the following equations were also plotted in the same figure. The Fox's equation is 
shown below. 
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Fig.4-4 The Cp curves far SEPSAUgh.Mwoil gels wi1h different oompositiODS. 
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1 W; W2 
-=-+-
Tg Tg1 Tg2 
(4-1) 
In the above equation, Tg is the glass transition temperature of the blend. Tga and Wj denote the 
glass transition temperature and weight fraction of the ith component, respectively. 
AB seen in this figure, the obtained Tgs agree fiUrly weD with the data caJadatM by the Fox 
equation. It can be said from these results that high-Mw oil is selectively misCIble with the EP 
blocks in SEPS and the obtained Tgs ofEP block follow the Fox equation. 
In order to confiIm the effect of the high-Mw oil on the PS domains, the viscoe1astic behaviour 
ofSEPS 20wt%:lhigh-Mw oil80wt01o gel was examined by DMTA in the shear mode, as shown 
in Fig.4-6. The samples with high amounts of oil were very soft. It is very difficult to measure 
the stress and the strain in the tensile mode for the analysis. Therefore, the shear mode method 
was applied to the gels. (The details were descnbed in chapter 3.) In the same figure, the storage 
and the loss moduli of the SEPS obtained by the tensile mode were plotted for comparison. The 
storage modulus of the SEPS 2Owt01o gel was essentially constant up to around 9S"C and the loss 
modulus gradually increased, when temperature increased. Although the magnitudes of both 
moduli were very different from those of the SEPS, the temperature dependence of both 
samples was very similar. However, since the gel with this composition flowed around 12O"C, 
the measurements automatically bad to be stopped, the tan 8 peak could not be obtained by the 
shear mode. 
According to Lamer et al. [38), the Tgs of the PS blocks of similar tnblock copolymer gels have 
not been detected from the rheology measurements. In their study, a1though DMTA was 
conducted a Rheometries mechanical spectrometer with parallel plates, the peak due to the Tg 
of PS blocks was not obtained accurately. Instead ofTg of the PS block, the order-disorder 
transition has been detected as the decrease of the storage modulus and the tan8 peak around 
1 OS-IIS"C in their study. From the above point of view, it may be difficult to obtain infonnation 
about the Tg of PS in the SEPS gels. In filet, as seen in Fig.4-6, the transition due to the Tg of the 
PS blocks was not detected under lOO"C.1nstead of the Tg of the PS blocks, the decrease of the 
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storage modulus was observed over lOO"C. It is believed that this deaease corresponds to the 
order-disorde:r transition of the block copolymer. The order-disorder transition temperature, Too, 
is discussed in the next chapter. 
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Fg.4-6 VlSCOelastic behaviour of1he SEPS-20wt"/oAUgh-Mw oil-80wt"1o gel 
4.1.2 Transmission electron microscopy 
In order to investigate the morphology of the SEPS/paraffinic oil gels, the TEM technique has 
been used in this study. In Fig.4-7, TEM images of the SEPSlhigh-Mw oil gels for (a) 
SEPS-lOO%, (b) SEPS-93wt%, (c) SEPS-80wt%, (d) SEPS-60wt% and (e) SEPS-20wt"1o are 
shown, respectively. Since the PS domains of the sectioned samples were selective1y stained by 
Ru04, the dark parts reveal the PS domains in each image. From SEPS-lOOwt% (a) to 
SEPS-80wt% (c), each composition clearly showed a lamellar structure. On the other hand, in 
the SEPS-60wt% (d), a hexagonal morphology was confirmed. Fwthermore, the spherical 
morphology was clearly observed in the image ofSEPS-20wt% (e). From the above resuhs, it 
can be said that the morphology of the tnblock copolymer gels is s1rongly dependent on the 
composition of polymer and oil, like the morphology of block copolymers changing with the 
block ratio. In order to examine the effect of the PS fraction on the morphology, each 
composition was converted to the weight fraction, Wps, in the SEPSlhigh-Mw oil gels. The 
observed morphology is summarized in Table 4-2. 
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Table 4-2 The obsetVed morphology by TEM 
In Fig.4-7· (a) (b) (c) (d) (e) 
SEPS/oil 10010 9317 80/20 60/40 20/80 
Wes Iwt% 29 27 23.2 17.4 5.8 
MO!Ehology Lamellar Lame"ar Lame"ar C~lindrical Seherical 
*Each alphabet corresponds to die image ofFJg.4-7. 
Laurer et a1. [14S] also investigated the dependence of the morphology on the Wps by using a 
similar SEPS triblock: copolymer (Mw .. 223,OOO, PS=55 wt%) and paraffinic oil (Mw .. 468). 
According to their results, each morphology was observed by TEM and SAXS in the following 
ranges ofWps. 
Lamellar structure: 55 ~ Wps ~ 33 
Cylindrical structure: 33 ~ Wps ~ 17 
Spherical structure: 17 ~ Wps ~ 5 
Comparing the data obtained in this study with the above data, the spherical structure and the 
cylinder structure observed in this study were in the ranges examined by Laurer et a1. On the 
other hand, the lamellar structmes were not in the corresponding ranges. This reason may be 
interpreted by the difference of the preparation method. As previously mentioned, all samples of 
the SEPS/high-Mw oil gels were obtained by cavity mixing, on the other hand, the samples 
investigated by Laurer et a1. have been prepared by the solution method. As discussed 
previously, the solvent and the evaporation rate of the solution method are important fiIctors in 
determining the obtained morphology. The effect of the preparation methods on the morphology 
requires further investigation. 
Regarding another point, it is posSIble to say that with inaeasing oil fraction in triblock 
copolymer gels, the light regions in each image gradually increased, as seen in Fig. 4-7. On the 
other hand, the domain size of PS phases (dark parts), such as the thickness of the lamellar 
structmes and the diameter of the spherical structures, is almost constant (30-40 nm). From these 
results, it was also confinned that the added oil was selectively miscible with EP blocks in the 
SEPS/paraflinic oil gels. 
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200nm 
Fig.4-7 TEM images of the SEPSlhigh Mw oil gels for (a) SEPS- lOOwt%, (b) SEPS-93wt"lc/oil-7wt"1o, 
(c) EPS-80wt"loI oil-20wt"/o, (d) SEP -«lwt"loI oil-40wt"/oand (e) SEPS-20wt"IJoil -80wt"/o, respectively. 
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4.1.3 Small angle X-ray scattering 
To obtain quantitative information on the periodicity of the morphology as a function of 
polymer/oil content, SAXS has been performed on the SEPSlhigh-Mw oil gels. In Fig4-S (a), 
the scattering anves of SEPS-l00wt%, SOwt"/o and SOwt% are plotted, respectively. On the 
other hand, the scattering anves ofSEPS-30wt"/o, 20wt% and 10 wt% are plotted in Fig.4-S (b), 
respectively. 
The obtained scattering patterns bave the intensity peaks that arise from both interdomain 
scattering (Bragg scattering) and the intradomain scattering (the form factor of the molerule). As 
seen in Fig.4-8 (a), the observed higher peaks of the SEPS-SOwt% gel satisJY the characteristic 
relation of qt / q. = 1,../3,..rs,.f7 for hpc structures[97J. Therefore, it can be said that the 
observed peaks were associated with the interdomain scattering and the SEPS-SOwt"/o gel shows 
highly orc\ered hexagonal-packed cy1indrical structure (hpc) . 
On the other hand, as seen in Fig.4-8 (b), the SEPS gels swollen with more than 70wt"/o of high-
Mw oil showedjust two low-angIe peaks and higher oniered peaks could not be observed in this 
study. Very recently, it has been reportedll7, 38, 102) by many researche:r:s that simi1ar 1riblock gels 
swollen with oil in the same range of the composition were determined to bave the spherical 
structure of a body centred cubic (bee) lattice by using SAXS. In their exp1anations, the 
observed low angle peaks were designated as the (110) and (200) peaks for the bee lattice planes, 
respective1y. 
In orc\er to confirm this relationship for the observed intensity peaks, these peaks were 
calculated using the following Gaussian functions[I021. 
Ctis a parameter for the background fitting, qt represents the position of the i-th scattering peak 
and (j t is the standard deviation The anve fitted SAXS chart of the SEPS-30wt"/oIhigh-Mw 
oil-70wt"/o gel is plotted in Fig. 4-9. The values for the first and second peak positions obtained 
from this simulation were approximately 1:..fi ratio. This ratio can be satisfied by the (1 (0) and 
100. 
Chapter 4: Miscibility and morphology 
(200) peaks fur the bee lattice planes or the (lOO) and (llO) peaks for the simple cubic planes. In 
this study, more higher ordered scattering peaks were not obtained. ThClefOl e, it can be said that 
the spherical structures of the SEPS gels swollen more than 70wt01o oil have a bee lattice or a 
simple cubic lattice. 
On the other hand, as mentioned previously, the scattering peak can be a resuh of intradonWn 
scattering. According to Bates[102], the intradonWn scattering from a collection of uniform 
spheres ofradiusR can be descnbed by a form fkctor (J(q»)2 as follows!I84). 
(4-2) 
The BesseI function, In, is periodic, producing local maxima at qR=5.765, 9.10, 12.33, etc. It 
has been confirmed[31, lOO) that similar tnblock copolymer gels show the intradonWn scattering 
due to the spherical PS domains. However, it was difficuh to identify the intradonWn scattering 
in the SAXS traces for these gels in this study. 
The interdonWn spacing, D, can be obtained by the following equation(89). 
D = 21l' 
• 
(4-3) 
q 
where q. denotes the position of the first order peak. The interdonWn spacing, D, obtained from 
each SAXS curve was plotted in Flg.4-10. On adding high-Mw oil up to the polymer 
concentration of 80wt0/o, the interdonWn spacing, D, decreased. This fact means that the 
reduction of the periodic lamellar structure ocwrred because of the added oil. This reduction in 
D is a very controversial matter, because the addition of oil to the EP blocks is anticipated to 
induce lamellar swelling. An explanation for this anomaly is that the added oil serves to relax 
the EP blocks, which are stretched along the lamellar normal, and therefore shrink the EP-rich 
lamellae. This explanation needs to be confirmed. 
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Fig.4-8 SAXS charts for SEPSIbigh-Mw oil gels with various concen1ratioos. 
The value designated after SEPS in this figures means the weight fraction of 
SEPS triblock copolymer in SEPSAIigh·Mw oil gels. 
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On the other hand, in the region from SEPS-I0wt01o to 30wt01o with spherical structures, with 
increasing oil component, the interdomain spacing increased It can be said that the observed 
increase corresponds to a proportional increase in spherical spacing. According to Raspaud et 
al. [lIS], D should scale as the concentration oftriblock copolymer ,C1l3 in the semi-dilute regime 
of a triblock copolymer in the presence of a midblock-selective solvent. This sca1ing relationship 
requires that neighbouring micelles do not interact and remain nearly constant in size, and that 
an isotropic change in the unit cell volume of the micelle lattice can be attributed solely to a 
change in the amount of solvent present. It is believed that the resuhs in this study made a good 
agreement with these literature resu1ts[J8,18'1. 
4.2 Study of the effect of molecular weight of paraftinic oils in the SEPS/paraffiDic oil 
system 
4.2.1 Modulated -temperature differential scanning calorimetry 
In this section, the effects of molecular weight of paraffinic oils on the misclbility and the 
mOIphology are analysed and discussed. First of all, the Cp behaviour of the 
SPES-20wt0/oIparaffinic oil-80wt01o with paraffinic oils of different molewlar weight is shown 
in Fig.4-11. As seen in this figme, the Tg oftheEP block with paraffinic oil can be detected as a 
single step change in the Cp cwves. Thus, it can be said that the low-Mw oil and the mid-Mw 
oil were also misclble with the EP block, as was the case for the SEPS/ high-Mw oil gel. 
It was also confirmed that the Tg of the EP block was influenced by the molecular weight of 
paraffinic oil. In order to understand this trend, the composition dependence of the Tg ofEP 
block with different molecular weight of paraffinic oil is plotted in Fig. 4-12. To compare them 
with the theoretical treatment, the data calculated by the Fox equation are shown in the same 
figure. It is obvious that with inaeasing oil component, the Tgs ofEp block gradually decreased 
for all examined paraffinic oils. In both the cases oflow-Mw oil and mid-Mw oil, the obtained 
Tgs yield fair agreement with the data ca.1odated by the Fox equation over the range examined 
in this study, excepting the case of the SEPS-2QwtO/oilow-Mw oil-80wt01o geL (The plot point is 
corresponding to the point of 0.15 in WepI(Wep+Woil). ) The Tgs of the EP block of this gel is 
slightly higher than the calru1ated data. This behaviour might be due to the misclbility of the PS 
blocks and paraffinic oils, despite of the similarity of the solubility parameter of the EP blocks 
and the paraffinic oils. In this composition, the low-Mw oil may be distnbuted not only in the 
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Fig.4-11 Cp behaviOlU' of1he SEPS/oil gels with different molecular 
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EP block, but also in the PS phases. From this point of view, the oil fraction in each block can be 
estimated by the Fox equation: 
Woil in EP block: 0.71 
Woil in PS blocks: 0.29 
where Woil expresses the oil fraction in each block h is found that 7lwt"1o of added paraffinic 
oil was miscJ.'ble with EP block and the remaining oil should be in the PS phases. 
Fig.4-13 shows the viscoe1astic behaviour of the SEPS-2Owt"/cIlow-Mw oil-80wt"1o gel. The 
resuhs of the SEPSlhigh-Mw oil gel with the same composition were also plotted in the same 
figw-e. h is obvious that the storage modulus of the gel with low-Mw oil decreased sharply at 
lower temperature than that of the gel with high-Mw oil. As disalssed previously, the decrease 
of the storage moduIus corresponds to the order-disorder transition This resuh suggests that the 
Tod is dependent on the moleru1ar weight of the oil. (This subject will be investigated in the 
next chapter.) JJ: is believed that the difference of the temperature dependence is associated with 
the miscibility of the PS domains with the low-Mw oil. 
In order to confinn the swelling behaviour of PS phases with paraffinic oil, a swelling test was 
conducted. One pellet of PS (Mw,," 12,OOO~mol) was separately immersed in both the 
high-Mw oil and the low-Mw oil for 24 hours at 25"C and 1l0"C. The weight of the pellet 
(ca.20 mg) was measured to 0.001 mg precision The oil covering the sample was carefully 
wiped offbefore the measuring of the weight. The results are shown in Fig.4-13. When using 
the high-Mw oil, no change in the mass of the PS pellet was seen, within experimental 
uncertainty, at either temperature. On the other hand, when using the low-Mw oil, the change of 
the mass of the PS pellet was not significant at 25"C. However, it was confirmed that the mass 
increased at 110 "C, which is higher than the Tg of PS. From these data, it can be said that the 
swelling behaviour of the PS phases with paraffinic oil is dependent on the temperature and on 
the molea.J!ar weight of the paraffinic oil. Thus, it was confumed that the PS domains in 
SEPS/paraffinic oil gels also show some swelling behaviour and swelling dependence of 
temperature and molecular weight of paraffinic oil. 
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From the above results, it should be mentioned that the oil selection for this kind oftriblock gels 
is a very important fuctor for heat resistance in practical applications. In particular, the PS 
domains formed in the PS based tnblock gels act as the crosslinking points for the 
three-dimensional networlc. Therefore, it is very important to eva1uate the effect of the oil 
component on the PS domains. 
4.2.2 Transmission electron microscopy 
The morphologies of the SEPS/paraffinic oil gels with different molecular weighs of paraffinic 
oil are shown in Fig.4-IS. In these figures, (a), (b) and (c) are for the SEPS/high-Mwoil gels, the 
SEPS/mid-Mw oil gels and the SEPS/low-Mw oil gels, respectively. The composition of 
SEPS-2QwtO/cIpamffinic oiI-8Qwt4/o was used for this analysis. Since Ru04 was used to stain the 
PS domains, the dark regions are the PS domains. As seen in these figures, the morphologies of 
the SEPS/high-Mwoil gel and the SEPSlmid-Mwoil gels are very similar and the domain sizes 
of the PS phases in both cases are also identical. The mean diameter, d, of PS domains in each 
image was determined by using a image ana1yser (Image-Pro Plus) and sununarized in Table 
4-3. As seen in this table, the mean diameter of the PS domains of the SEPS/high-Mw oil is 
similar with the d value of the SEPs/mid-Mw oil gel. 
On the other hand, the morphology of the SEPS/low-Mwoil gel shown in Fig.4-IS (c) is very 
different from the previous cases and it shows a very complex state. It was clearly seen that 
some PS phases formed domains oflaIge size and they also have the domains of the normal size 
observed in (a) and (b). As seen in Table 4-3, the d values for the PS domains in the low-Mw oil 
gel are summarized using two mean diameters. One is for the normal size of the PS domain and 
the other is for the large size of the PS domains. The d of the normal size observed in the 
low-Mw oil gel is similar with those obtained in the SEPS/high-Mw oil gel and the 
SEPS/mid-Mw oil gel. However, the d for large domains is very different. 
Furthermore, as seen in Fig.4-1 5 (c), the centre region of the large domains appearecias a lighter 
colour. This fact means the large domains do not consist of only PS phases, but also another 
component unstained by Ru04. As descnbed previously, the PS phases can be swollen with the 
low-Mw oil at high temperatures. Therefore, it can be postulated that the large PS domains are 
caused by the swelling with the low-Mw oil. This kind of morphology was only observed in the 
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gels with the low-Mw oil. It should be noted here that even though there are some PS phases 
swollen with paraffmic oil, un-swollen PS phases are also confumed in the image. This 
morphology reveals the heterogeneous state and the complexity of the SEPSIIow-Mw oil gels. 
This complex morphology has never been reported, even though the similar triblock copolymer 
gels have been examined by TEM and SAXS. 
It was found in this study that the morphology of the SEPS triblock copolymer gels is 
influenced by the molecular weight of the paraffinic oils. 
200nm 
Fig.4-15 TEM images of the SEPS-2Owt%'paraffinic oil-80wt% gels. 
(a) high-Mw oil, (b) mid-Mw oil and (c) low-Mw oil, respectively. 
Table 4-3 The mean diameter of the PS domains in the SEPS-20wt%'oil-80wt% gel. 
Oil used low-Mw oil mid-Mw oil high-Mw oil 
d in nm 38+5 41 ±10 3713 
din nm 115±30 
for large domains 
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4.2.3 Small angle X-ray scattering 
Fig.4-16 shows the SAXS traces for the SEPS/oil gels with different molea.Uar weights of 
paraffinic oil. The composition of the SEPSloil gels was 20/80 wt% for this analysis. As seen in 
this figure, with decreasing molecular weights of paraffinic oil, the intensity observed in the first 
and second peaks slightly increased. This trend may be related with the electron density 
inhomogeneity in the morphologyl88] Because paraffinic oil with lower molecular weight 
should introduce greater free volume in the gels, as a result, the electron density inhomogeneity 
might be enhanced. 
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Fig.4-16 SAXS curves for the SEPS/paraffinic oil gels with different molecular 
weights of paraffinic oil. The composition of the SEPS/oil gels was 
20/80 wt"1o. 
As discussed in the section 4.1.3, the first and second peaks are caused by interdomain scattering. 
By using a Gaussian function curve fitting procedure, which has been explained already, the 
interdomain spacing, D, is calculated and plotted in Fig.4-17. As seen in this figure, the 
characteristic size is essentially independent of the molecular weight of the paraffinic oil. 
In the previous section, it was confirmed that the SEPS/low-Mw oil gel has two kinds of PS 
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domains due to the swelling behaviour of the PS domains. However, this different behaviour of 
the gel swollen with the low-Mw oil was not detected in the SAXS trace. Since the SAXS 
technique can give information about the characteristic size in the 1-100 nrn range, it can be said 
that the large PS domains swollen with the low-Mw oil cannot be detected by SAXS in this 
study. 
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Fig.4-17 The relationship between the interdomain spacing, D and 
the oil molecular weight The composition of the SEPS/oil gels was 
20/80 wt"1o. 
4.3 Study of the effect of the cooling process on the SEPS/parafJ"mic oil system 
4.3.1 Modulated -temperature differential scanning calorimetry 
The effect of the cooling process on the morphology and miscibility of the SEPS/paraffinic oil 
system was accessed and is discussed in this section. Quenched and slow cooled gels were 
investigated for this study. (The details of the cooling process are detailed in the experimental 
part.) The cooling process is a very important issue for the mass production of practical products. 
For example, in the case of products made by an injection moulding process, injected materials 
are nonna1ly cooled rapidly in the mould to achieve short cycle times to reduce the cost. If the 
properties of the materials are sensitive to the cooling process, the specific treatments for the 
materials would be required for the practical applications. Therefore, the evaluation of the effect 
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of the cooling process is very important for practical mass production. 
The Tgs, which were obtained by M-IDSC, of the EP blocks in the SEPS/oil gels are shown in 
Fig.4-IB. The composition of SEPS-20wt"/oIoil-BOwt"Io was used for this analysis. As seen in 
Fig.4-IB, there is no discrepancy ofEP block Tgs between quenched and slow cooled samples. 
It was suggested from the above resuhs that the cooling processes used in this study did not 
influence the structure of either the EP blocks or the PS blocks of the SEPS/paraffinic oil gels 
noticeably. Laurer et a1 also investigated the effect of the cooling process on the morphology 
formed in a similar type of gell26J. They used a quench process and a slow cooling process that 
are similar to the methods used in this study. According1y, it was concluded that the domain size 
of the PS domains determined by TEM was not dependent on the cooling processes. The resuhs 
obtained in this study support their results. 
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Fig.4-18 Tgs of the EP blocks with different paraffinic oils. 
The results of quenclIed samples (e ) and slow cooled samples (l» are 
presented. The composition of the samples was SEPS-20wt"IoIoil-80wt%. 
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4.3.2 Transmission electron microscopy 
To confirm the effect of the cooling process on the morphology, the morphology has been also 
investigated by TEM. The morphologies of the slow cooled SEPS/paraffinic oil gels and the 
quenched SEPS/paraffinic oil gels are shown in Fig.4-l9. In these figures, (a), (b) and (c) are the 
quenched samples of the SEPS/high-Mw oil ge~ the SEPS/mid-Mw oil gel and the 
SEPS/low-Mw oil ge~ respectively, and (d), (e) and (f) are the slow cooled samples of the 
SEPS/high-Mw oil ge~ the SEPs/mid-Mw oil gel and the SEPS/low-Mw oil ge~ respectively. 
The SEPS-20wt"1%il-80wt"1o composition was used for this analysis. It is certainly clear that the 
morphologies of the slow cooled samples are very similar to those of the quenched samples, 
even though the samples were composed of paraffinic oil with different molecular weights. 
When using low-Mw oil, the slow cooled sample (f) also shows the complex morphology due 
to the swelling effect of PS phases, as discussed already. The mean diameter, d, of the PS 
domains from each TEM is summarized in Table 4-4. It is confirmed from these resuhs that the 
PS domain size is not influenced by the cooling processes. From these results, it can be said that 
the morphology formed in the SEPS/paraffinic oil gels is not remarkably affected by the cooling 
processes. 
Table 4-4 The mean diameter of the PS domains in the SEPS-20wt"/%il-80wt"1o gel 
Oil used low-Mw oil mid-Mw oil high-Mw oil 
d - guenched in nm 38+5 41 +10 37+3 
o'-quenched in nm 115±30 
(for larse domains) 
d -slow cooled in nm 37+6 33+6 41±3 
d-slow cooled in nm 133±40 
(for lar~e domains) 
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4.3.3 SmaD angle X-ray scattering 
Fig.4-20 shows the SAXS traces for a quenched sample and a slow cooled sample of the 
SEPS-20wt%/mid-Mw oil-SOwt"Io gel. Since the first and second peaks correspond to the 
interdomain scattering, these resuhs revea'ed that the cooling processes did not a1ter the 
interdomain spacing. 
From all the data obtained by M-roSe, TEM and SAXS, it can be concluded that the cooling 
processes used in this study did not change the morphology perceptibly. This fact suggests that 
the morphology of the SEPS/paraffinic oil gels is not sensitive to oooling processes utilirnl in 
practical mass produce. Therefore, this feature of the gels shows the possibility to expand the 
method for mass production. 
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Fig.4-20 SAXS traces for the SEPS-20wi"/oImid-Mw oiI-80wi"1o gels. 
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and of the slow cooled sample, respectively. 
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4.4 SEEPS/paraft"mic oil system composition study . 
4.4.1 Modulated-temperature differential scanning calorimetly 
From this section to section 4.6, the SEEPS uiblock copolymer gels are investigated to 
understand the effect of composition, the molecular weight of SEEPS and the addition of 
poly(2,6-dimethyI-l,4-pheny1ene oxide), PPO, on the morphology and misCIbility. Fig.4-21 
shows the heat flow and Cp behaviours of the low-Mw SEEPS tnblock copolymer from -100"C 
to 130 "C. In this case, as was the case for the SEPS tnblock copolymer, the first run was 
examined as the received sample without any heat treatment. Aftec the first run, the sample was 
kept at l30"C for O.Sh and slow cooled at a rate ofl"Clmin to room temperature. Aftecthe slow 
cooling, the second run was conducted. Both resuhs are included in Fig.4-21. As seen in this 
figure, over the temperature range examined, the heat flow and the Cp behaviour of the first run 
and second runs are a1most identical. From these resuhs, it can be confirmed that the 
morphologies ofboth samples are fairly simi1ar and the slow cooling did not change the initia1 
morphology of the received sample. 
The Tg ofEEP block can be detected as a step change in Cp around -S5"C or as a gradual 
decrease ofheat flow. From the inflection point in a step change of the Cp auve, the Tg of the 
EEP block was determined as -55· ± O.S"C. This temperature is slightly higher than that of the 
EP block (Tg =-S6.S± 0.5 "C) in the SEPS tnblock copolymer. In this case also, it was difficult 
to detect the Tg of the PS blocks due to the small fraction of the PS. 
On the other hand, an abrupt peak increase ofheat flow was observed around 2O"C for both the 
first and the second runs. The corresponding change of Cp was also observed as well. This 
behaviour is a common feature among the SEEPS tnblock copolymers. All three SEEPS used 
in this study showed this change in Cp at an identical temperature. Since this behaviour around 
this temperature was not observed in the SEPS resuhs, it is believed that this change is 
attnbutable to the po\yethylene parts encompassed in the EEP block According to the patentll 69J 
for this polymer, in order to reduce the po1yethy1ene aysta11inity and obtain good e1asticity at a 
low temperature, the amounts of the polyethylene and the randomness of the po\yethylene block 
in the EEP block are carefully controlled. However, it is supposed from the resuhs that the 
poIyethylene parts in the EEP block make tiny crystalline parts. 
116 
Chapter 4: Miscibility and morphology 
0 2 
-{l.02 1.8 
~ -{l.04 1.6 
1.4 ~ ...... -{l.06 ! ... 
.... ...... 
... 1.2 IS .. 
.. 
..c 
0.8 
-{l. 14 '--'-~~.J.........~~...L....~~--'--~~....J....~--' 0.6 
-100 -50 o 50 100 
Temperature / "C 
Fig.4-:Z1 Heat flow awl Cp behaviours oflow-Mw SEEPS 1n"block copolymer. 
To examine the corresponding change in the mechanical properties, the viscoeIastic behaviour 
of the same SEEPS tn"block copolymer was 'llso carried out and plotted in Fig.4-22. As seen in 
this figure, although both Tg ofEEP block and Tg of PS block can be detected as peaks in tan~. 
There is no transition in the region of 10-2O"C in which the change of Cp was observed by 
M-TDSC. From the above results, it can be speodated that the polyethylene components 
included in the EEP blocks give the changes of heat flow and Cp around 1()"2O"C. However, 
they do not give much effect on the viscoelastic behaviour of the SEEPS copolymer. 
Fig.4-23 shows the Cp behaviour of the low SEEPS/high-Mw oil gels with different 
compositions. Since the Tg of the EEP block in the gels can be detected as a single peak, it was 
confirmed that the high-Mw oil is miscible with the EEP block. In addition, with increasing oil 
fraction, the Tg of the EEP block slightly decreased. In order to confirm this trend, the Tg 
determined from the inflection point in the Cp anve was plotted in Fig.4-24 as function of 
WeepI(Weep+Woil), where Weep and Woil are weight fractions of the EEP block and of the 
added oil, respectively. A dotted line calculated by the Fox equation(J81) is shown in the same 
figure. It was very clear that the Tgs of the EEP block were slightly higher than the Tgs 
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Fig4-24 Tg of the EEP blocks as fimctiOll of the composition. 
The dotted line shows the data ca1cu1atcd by the Fox equation. 
calculated by the Fox equation over all the range used in this study. This trend is different from 
that of the Tgs of the EP block, which showed a good agreement with the Fox equation. This 
difference might be caused by the polyethylene segments included in the EEP block. These may 
restrict the movement of the EEP blocks. Consequently, it may be said that the behaviour of the 
Tgs of the EEP block are different from that of the Tgs of the EP block. 
The storage modulus and the loss modulus of the low-Mw SEEPS/higb-Mw oil gels with 
different compositions are shown in Figs.4-2S (a) and (b), respectively. In both figures, the shear 
mode with a mean strain of I.()0/o was used for these samples, excepting the SEEPS-lOO% 
sample. For this sample, the tensile mode with a mean strain of I.()% was used, because this 
sample was too rigid to measure by the shear mode. As seen in Fig.4-2S (a), the magnihJde of 
the storage modu1us is dependent on the oil fraction. It can be said from this resuh that the 
magni1ude of the storage modulus can be controlled by the SEEPS and oil composition. In 
addition, with inaeasing temperature, the storage modulus gradua11y decreased. In particular, 
this trend can be confirmed easily from the resuh of the SEEPS-lOO% sample. The loss 
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modulus also depends on the oil fraction, as seen in Fig.4-25 (b). It was possible to obtain the Tg 
of the PS blocks for SEEPS-lOO"Io sample from the tan 0 peak. However, it was very difficult 
to obtain the Tg of PS blocks of the gels by DMTA 
As seen in both figures, the decrease in the storage modulus in the SEEPS-IOwt% gel started 
around lOO"C. The peak of the loss modulus in the same sample was also found around 1lO"C. 
These transitions are also associated with the order-disorder transition[29,38) of the SEEPS 
copolymer. In addition, increasing the polymer fraction in the gels made this transition 
undetectable over the temperature range examined in this study. These results suggest that the 
Tod of the block copolymer is dependent on polymer concentration This subject will be deah 
with in the next chapter. 
4.4.2 Transmission electron microscopy 
Fig.4-26 shows the TEM images of the low-Mw SEEPS/bigh-Mw oil gels for (a) 
SEEPS-lOOwt%, (b) SEEPS-6Owt%, (c) SEEPS-3Owt% and (d) SEEPS-2Owt"/o, respectively. 
Since these samples were stained by Ru04, the dark parts revealed the PS domains in each 
image. As seen in Fig.4-26 (a), it can be confinned that the low-Mw SEEPS, without any oil, 
has a lamellar structure. With increasing oil fraction, the morphology formed in the gels was 
transformed to the hexagonal cylinder package structure (Fig.4-26(b» and the spherical 
structures (Fig.4-26 (c) and (d». From these results, it can be said that the morphology fonned in 
the low-Mw SEEPS/high-Mw oil gels is strongly dependent on the polymer/oil composition. 
In table 4-5, the morphology and the PS fraction, Wps (wt%), in the low-Mw SEEPS/high-Mw 
gels are summarized. The combination of the PS fraction and corresponding morphology for the 
SEEPS/high-Mw oil gels was in good agreement with the relationship observed in the SEPS/oil 
gels, which was previously discussed and shown in Table 4-2. From these results, it was 
confinned that the behaviour of the EEP blocks of the SEEPS copolymers with respect to the oil 
component is very simi1ar to that of the EP block of the SEPS copolymers. 
121 
--------------......... 
Chapter 4: Miscibility and morphology 
200nm 
Fig.4-26 TEM images of the low-Mw SEEPSlhigh-Mw oil gels for (a) low-Mw SEEPS-
I OOwt"Io, (b) low-Mw SEEPS~wt"loIoiI40wt"1o, (c) low-Mw SEEP -30wt"loIoil-70wt"/o, 
(d) low-Mw SEEPS-20wt"loIoil-80wt"1o, respectively. 
Table 4-5 PS fraction and morphology of the low-Mw SEEPSlhigh-Mw oil gels 
TEM images of Fig.4-26 ' (a) (b) (c) (d) 
SEEPS/oil 100/0 60/40 30/70 20/80 
WE:!s /wt% 29 17.4 8.7 5.8 
Morphology Lamellar Cylindrical Sperical Spherical 
'Each alphabet corresponds to tile image of Fig.4-26. 
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200 run 
Fig.4-19 TEM images of the SEPS-20wl%/paraffinic oiJ-80wl% gels. 
(a) SEPS/high-Mw oil, (b) SEPSlmid-Mw oil and (c) SEPSIIow-Mw oil 
of quenched samples are shown, respectively. (d) SEPSlhigh-Mw oil, 
(e) SEPS/mid-Mw oi l., (f)SEPSIIow-Mw oil of slow cooled samples 
are shown, respectively. 
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4.4.3 Small angle X-ray scattering 
The SAXS teclmique was also used for the low-Mw SEEPS/high-Mw oil gels to obtain further 
quantitative information about the mOIphology. The results for low-Mw SEEPS-lOO"Io and 
SEEPS-60wt% are shown as (e) and (0), respectively. in Fig.4-27 (a). In Fig.4-27 (b). the 
results of SEEPS-30wt%. SEEPS-20wt% and SEEPS-IOwt"Io are presented as (_). (0) and 
( ... ). respectively. In Fig 4-27 (a). two scattering peaks were obtained in the region ofO.l <q<O.4 
for the SEEPS-I ()()wt01o sample. Since these positions of the first peak and the second peak were 
satisfied with the characteristic relation of q, / q' = 1.2.' .. for a lamellar structure, this result is 
in a good agreement with the TEM images. On the other hand, the SEEPS-6Owt"Io gel also 
showed two scattering peaks in the region ofO.l<q<O.5. These position peaks, however. were 
different from those of the SEEPS-I()()wtOIo. The positions of the first peak and the second peak 
were satisfied with the cbaracte:istic relation of q.tq' =1 • .J3 .. ··for a hpc ~. 
Consequent1y. this resu1t was in agreement with the TEM images. 
As seen in Fig.4-27 (b), the gels swollen with more than 70wt"1o of oil also showed the two 
scattering peaks. It is believed that the first and second peaks are a resuIt of the interdomain 
SQ\ttering, as was the case for the SEPS foil gels. Since the values for the first and second peak 
positions obtained by curve fitting with a Gaussian function were approximately satisfied by the 
I: -J2 ratio. Therefore, it can be said that the spherical structures of the low-Mw SEEPS gels 
swollen more than 70wt% oil also have a bee lattice or a simple cubic lattice, as was the case for 
the SEPSloil gels. 
The interdomain spacing, D. obtained by cwve fitting with a Gaussian function for the first peak 
in esch SAXS trace is also plotted in Fig.4-28. The tRnd is very similar to that of the SEPSloil 
gels. Therefore, it can be said from these results that the behaviour of the SEEPS copolymer 
with respect the added oil is very similar to that of the SEPS copolymer. 
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4.5 Study of the effect of the molecular weight of the SEEPS copolymer 
4.5.1 Modulated-temperature differential scanning calorimetry 
In this section, in order to understand the effect of the tota\ molecu1ar weight of the SEEPS 
copolymer on the morphology and the miscibility, 1hree SEEPS copolymers with different 
molecu1arweights, i.e., low-Mw SEEPS, mid-Mw SEEPS and high-Mw SEEPS, were used in 
this study. (The details of these samples are a1ready given in the experimental chapter.) 
The Cp cwves for the SEEPS copolymers with different molecu1ar weight are shown in 
Fig.4-29 (a) and the Cp cwves of the gels composed of the same SEEPS copolymers and 
high-Mw oil are shown in Fig.4-29 (b). The composition of SEEPS-I0wt"lcJhigh-Mw 
oil-90wt"1o was used in this study. As seen in Fig.4-29 (a), the Tg of the EEP block was obseIVed 
as a step change in the Cp alIVe at around -55 "C fur all the SEEPS copolymers. On the other 
hand, according to the resuhs in Fig.4-29 (b), the Tg of the EEP block in the SEEPs/oil gels 
125 
Chapter 4: Miscibility and morphology 
decreased to around -61"C owing to the swelling with the oil. The magnitude of the shift was 
the same approximately. It is confinned from these results that the tota\ molecular weight of the 
SEEPS copolymer used in this study does not influence the Tg of the EEP block in both states 
of polymer: with and without paraffinic oil. 
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Fig.4-29 <a) Cp behaviour oftbe SEEPS copolymm and (b) of1he SEEPS-IOwt"Io 
/high-Mw oil-90wI% gels wi1h different molecular weights of 1he SEEPS copolymer. 
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In order to discern the effect of the total molea.J1ar weight on the viscoe1astic behaviour of the 
SEEPs/oil gels, DMrA tests have been conducted for the SEEPS copolymers and the 
SEEPS-IQwtO/oIhigh-Mw oil-9Owt"1o gels. In the case of the measurements on the SEEPS 
copolymers, a tensile mode with a mean strain of U)% was used. On the other hand, a shear 
mode with a mean strain of 1.0% was applied to the measurements of the gels. Figs. 4-30 (a) 
and (b) show the storage and the loss moduli of the SEEPS copolymers and the SEEPS gels, 
respectively. According to Fig.4-30 (a), the storage modulus, E', and the loss modulus, E", of the 
temperature dependence of the low-Mw SEEPS were different from those of the high-Mw 
SEEPS and the mid-Mw SEEPS copolymers. While E' of the low-Mw SEEPS started to 
decrease abruptly around 8O"C, both E' of mid-Mw SEEPS and high-Mw SEEPS were stable 
up to l00"C. It is believed that this different temperature dependence is due to the effect of total 
molea.J1ar weight. The Tgs ofPS blocks for an the SEEPS copolymers, determined by the tan8 
peak are summarized in Table 4-6. 
Thble4-6 Tg of the PS blocks of SEEPS copolymers 
low-Mw SEEPS mid-Mw SEEPShigh-Mw SEEPS 
Mw in g/mol 83,000 230,000 280,000 
T g of PS blocks in "c 93+5 110±5 113±5 
From this result, it is clearly confirmed that the total molea.J1ar weight of the SEEPS copolymer 
influences the Tg of the PS blocks. This resuh can be explained by the effect of free volume 
encompassed in the PS blocks. According to the relationship between the Tg and free 
volumell86J, with increasing molecular weight ofa homopolymer, its free vo1ume decreased. The 
same effect can be expected for the PS blocks in these SEEPS copolymers. 
On the other hand, as seen in Fig.4-30 (b), it was difficult to detect the Tg of the PS blocks. 
Instead of the Tg of the PS blocks, a decrease in the storage modulus around 8O"C for the 
low-Mw SEEPS gel was found. As mentioned earlier, it is believed that this behaviour 
corresponds to the order-disorder transition. However, there has been DO decrease for the 
mid-Mw SEEPS and high-Mw SEEPS geil. in the temperature range examined in this study. 
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This fact suggests that there is no order-disorder transition in this region and that the total 
moleaJ!ar weight of the SEEPS copolymer in the gels influence the Tod. These results are 
elucidated by using M-TDSC data and will be discussed in more detail in the next chapter. 
Regarding another featw"e, the magnitude of the storage modulus of the SEEPS gels should be 
mentioned here. It was found that G of the low-Mw SEEPS gel around room temperature was 
slightly higher tban those of the mid-Mw SEEPS and high-Mw SEEPS gels. Interestingly 
enough, this tendency is seen in the SEEPS copolymer itself. According to the theory of the 
rubber e1asticityll 87J, the following equation is satisfied regarding the force and extension ratio. 
f = pRT (,t _.l) 
Mc ,t2 (4-4) 
where f is force applied to the tlJree.dimensional rubber netwotk R. T and p are the gas 
constant, temperature and density, respectively. ,t is the extension ratio and Mc is the 
moleaJ!ar weight between the aoss1ink points. As suggested from this equation, the force to 
deform the structure of the polymer netwoIk is con1rolled by altering the moleaJ!ar weight 
between the aoss1ink points. In the case of SEEPS gels, it is considered that the PS domains 
play role of the aoss1ink points in the tlJree.dimensional networlc. Therefore, the block length of 
the EEP block might correspond to the moleaJ!ar weight between the ~ points. From 
this point of view, it can be easily thought that the low-Mw SEEPS copolymer has a shorter 
length between the PS domains tban the mid-Mw SEEPS and the high-Mw SEEPS copolymers. 
Consequently, it can be said that the storage modulus of the low-Mw SEEPS gel is higher tban 
those of the mid-Mw SEEPS and the high-Mw SEEPS gels. On the other hand, the storage 
modulus of high-Mw SEEPS gel seems to be highertban that of mid-Mw SEEPS gel. However, 
this difference was within the experimental uncertainty. 
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Fig.4-30 (a) VisaleIastic behaviour of the SEEPS copolymers and (b) 
the SEEPS-lOwt"/c/high.Mw oil-9Owt"1o gels for different molecular 
weights of SEEPS copolymer. 
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4.5.2 Transmission electron microscopy 
Figs.4-3 1 (a), (b) and (c) show rEM images of the low-Mw SEEPS gel, the mid-Mw SEEPS 
gel and the high-Mw SEEPS gel, respectively. 111e SEEPS-20wt%/high-Mw oil-80wt% was 
used for this analysis. While all gels show a spherical structure, it was clearly observed that the 
PS domains revealed as dark regions were smaller in the low-Mw SEEPS gel than those in the 
mid-Mw SEEP and high-Mw SEEPS gels. 111e calculated mean diameters of the PS 
domains, d, for each sanlple are plotted in Fig.4-32. As seen in this figure, it was confimled 
that tile PS domain size was in.fluenced by the molecular weight. TIle relationship between the 
domain size and the molecular weight was given by Meie~1281 as foLlows. 
200 nm 
Fig.4-31 TEM images of the SEEPS-20wt"/olhigh-Mw oil-80wt"/o gels for 
(a) low-Mw SEEPS, (b) mid-Mw SEEPS and (c) high-Mw SEEPS, respectively. 
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(4-5) 
where d is the domain size and M is the total molecular weight of polymer. Since the slope of 
the dash line equals 113, the value of the slope was sma11er than the power of 112 expected for 
the simple case ofunpertwbed molecular dimensions. This difference might be associated with 
the relationship between the compression moulding temperature and the order-disorder 
transition temperature. As discussed later, the compression moulding teInperatt.n"e used in this 
study was lower than the Tods ofboth the high-Mw SEEPS gel and the mid-Mw SEEPS gel. 
Therefore, there is a posSlbility that the morphology of PS domains in both gels cannot yield the 
ideal morphologies under the preparation conditions used in this study. 
In Mw 
Fig.4-32 The relationship between the total molecular weight of 
the SEEPS copolymers and the mean diameter of the PS domains, 
d, determined from the TEM images. 
Another point should be mentioned about the morphology. The interdomain spacing seems to 
be approximately constant, as seen in Fig.4-31 (a) of the low-Mw SEEPS gel. However, the 
intmlomain spacing in the mid-Mw SEEPS gel and the high-Mw SEEPS gel does not seem to 
be constant. In order to confirm the above trend, SAXS expeririIents were conducted. 
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4.5.3 Small angle X-ray scattering 
Fig.4-33 shows the SAXS traces forthe SEEPS-10wt%rlhigh-Mw oil-9()wtO/o gels with different 
molecular weights of SEEPS copolymers. The intensities of each sample were shifted by an 
additional factor of 5 x 10,13 to 1aciIitate comparison. As seen in this figm-e, two peaks were 
observed in the low-Mw SEEPS gel. It is believed that the first and second peaks are associated 
with the interdomain spacing. On the other hand, it is difficult to observe the two peaks for the 
mid-Mw SEEPS and high-Mw SEEPS gels. Just one sma11 uncertain peak around q "" 0.2 
can be found for each gel. Consequently, packing ammgements for the spherical structures of 
both gels cannot be determined. As discllssed in the previous part on the TEM images, the 
interdomain spacing did not seem to be constant for these SEEPS gels. These SAXS traces were 
in agreement with the trend of the TEM images. 
By using a curve fitting method, which was explained previously, the interdomain spacing, D, 
for each gel was calcuIated and plotted in Fig.4-34. As seen in this figure, the interdomain 
spacing was influenced by the total molecular weight of SEEPS copolymers, However, the 
slope of 0.29 obtained from this relationship did not agree with the value of 112 predicted from 
theoretical treatmeml128J. This difference may be explained by the relationship between the 
compression moulding temperature and the ordec-disorder transition temperature. 1f the 
compression tempera1ure is enough higher than the Tod of the SEEPS gel, the morphology 
tends to obtain the morphology with low energy states during the cooling process. However, if 
the Tod is higher than the compression temperature, it is difficult for the PS domains and the 
EEP/oil domains to achieve rearrangements of morphology. Although the details of the Tod will 
be discussed in the next chapter, it was confirmed by using M-TDSe that the Tod is dependent 
on the Mw of SEEPS copolymers. The Tod of the SEEPS-lOwt%rlhigh-Mw oil-9()wt01o gel can 
be estimated at l30"C ± 3OC. On the other hand, the Tods of the mid-Mw SEEPS gel and the 
high- Mw SEEPS gel with the same composition were estimated at more than 18O"C. In this 
study, a compression moulding temperature of l80"C was used to avoid the evaporation of the 
paraffinic oil. From this point of view, it can be concluded that the Tod of the low-Mw SEEPS 
gel is lower than the compression te11lpe1ature and the ideal morphology of the PS domains and 
the EEP/oil domains can be established during the cooling process. On the other hand, the Tods 
of both the high-Mw SEEPS and the mid-Mw SEEPS gels are higher than the compression 
moulding temperature. Therefore, the rearrangements of the morphology cannot be completed. 
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In this study, the peak maximum due to the inten:\omain spacing was not clear1y observed in the 
SAXS data for the high-Mw SEEPS or the mid-Mw SEEPS gels. This behaviour is also 
associated with the relationship between the compression moulding temperature and the 
order-disorder transition temperature. From these results, it is clear that the relationship between 
thermal treatment and the Tod is very important in obtaining an ordered and fully developed 
motphology. In partirular, since the tota1 moleru1ar weight strongly affects the Tods of 
copolymers, it is very important to control and select copolymers with appJOpriate moleru1ar 
weights for practical mass production. 
4.6 Study of the effect of addition of poly(2,6-dimethyl-l,4-phenylene oxide) into the 
SEEPS/paraffinie oil system 
4.6.1 Modulated -temperature differential scanning calorimetry 
As discussed in chapter 2, it is well know that the PSlPPO blend is fully misciblellS91. If added 
PPO is miscible with the PS domains in the SEEPS gels, an expansion of application 
temperature range can be expected. Therefore, the effect of the addition ofPPO into SEEPS gels 
on the morphology and the miscibility was investigated in this section. 
Considering the blend of an A-homopo1ymer with an A-B block copolymer, the balance of 
moleru1ar length of the A-homopolymer and that of the A blocks of the block copolymer is very 
important to achieve miscible polymer blends[84]. If the A block length of the A-homopolymer is 
longer than the A block of the block copolymer, it is diffiruIt to obtain the miscible blenM 83,841. 
Hence, the pair ofPPO and SEEPS polymers was carefully selected in this study. The moleru1ar 
weight of the high-Mw SEEPS is 280,000 !Y'mo~ expressed as the polystyrene equivalent, with 
29wt"1o of PS blocks. Therefore, the moleru1ar weight of one PS bloc1c is 40,500 !Y'moL On the 
other hand, PPO of 17,400 glmol was used to satisfY the condition[831 that the block length of the 
PS bloclcs is 1a.Iger than that ofPPO. In this study, it is believed that this paring is reasonable to 
investigate the effect of the addition ofPPO into SEEPS gels. 
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Three compositions were prepared. 
<D SEEPS l00phr/PP03.4phr(PS:PPO=9:1) 
(ID SEEPS l00phr/PP07.8phr(pS:PPO=8:2) 
@ SEEPS l00phrIPPO 20.7phr (pS:PPO =6:4) 
The ratio ofPS and PPO in each SEEPSIPPO composition is also expressed in the above round 
brackets. Ahhough the samples were prepared by solution blending (the details are given in the 
experimental section), it was difficult to obtain a homogeneous sample with a higher fraction of 
PPO than composition ofNo.3 (SEEPS l00phrIPPO 20.7 phr). 
Fig.4-35 shows the Cp behaviour of high-Mw SEEPSIPPO blend with different composition 
The Tg ofPPO used in this study was determined as 238"C from this result. However, it was 
difficult to detect the Tgs of PS block in the SEEPSlPPO blend by M-TDSC. 
Instead ofusing M-TDSC, DMl'A was carried out to investigate the Tg of the PS blocks in the 
SEEPSIPPO blends. Fig.4-36 shows the temperature dependence of the storage modulus, E', 
and the loss modulus, EH, fur the SEEPSlPPO blends without any oil. As seen in this figure, 
with increasing addition of PPO, the decrease in the storage modu1us was detected at higher 
temperatures. In addition, with increasing PPO fraction, the magnitude of E' at room 
temperature increased significantly. These resuhs are the expected effect of PPO addition The 
relationship between the Tgs determined by the tanS peak and the composition of 
PPO/(pS-fPPO) is plotted in Fig.4-37 as circles (e). In the same figure, the Tgs of PSlPPO 
blends[1S9) are plotted as triangles (A). As seen in this figure, the Tg of PS blocks inaeased on 
the addition ofPPO. Ahhough there were differences of the Tgs ofhomopolymers between the 
literature data[158, lS9) and the present study, the Tg of the SEEPSIPPO with a ratio of 
PPO/(pS+PPO) of 0.4 were slightly lower than literature data. Therefore, the Tg behaviour 
obtained from these results may suggest that the misCIbility ofPPO added in the SEEPS 
copolymer is lower than that ofPSIPPO blends. 
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Fig.4-38 shows the Cp behaviour of the high-Mw SEEPS-lOOphrIPPO-x phrlhigh·Mw 
oil·9OOphr gels at different compositions of PPO. In this study, x is 3.4, 7.8 and 20.7 pbr, 
respectively. As seen in this figure, it was not possible to detect the Tgs of PS blocks in the 
SEEPSIPPO/oil gels by M· TDSC. 
Fig.4-39 shows the temperature dependence of the storage and the loss rnoduIi of the above 
samples. As for the other cases, it was not poSSlble to detect the Tgs of PS blocks in the SEEPS 
gels. In addition to this, there was no clear decrease in G' due to the order~ transition in 
the temperatI.n'e region examined in this study. This resuh means that Tods of high·Mw 
SEEPSlPPOlhigh-Mw oil gels are higher than 18O"C. Fwthermore, since it was difficuh to 
distinguish the effect ofPPO addition on the temperatI.n'e dependence ofG' and G", it is believed 
that the addition of PPO in the composition range examined in this study does not have a 
significant influence on the viscoelastic behaviour of the SEEPS gels. 
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4.6.2 Transmission electron microscopy 
Fig.4-40 shows TEM images of the high-Mw SEEPS-100phrIPPO-x phrlhigh-Mw oil-900phr 
gels. In these images, (a), (b) and (c) is x=Ophr, 3.4phr and 20.7phr, respectively. Since the 
samples were stained with RU04, the dark parts are the PS and PPO. In Table 4-7, the mean 
diameter of the PS domains, d, for each sample is summarized. 
200nm 
Fig.4-40 TEM images of high-Mw SEEPS-lOOphrIPPO-x phrlhigh-Mw oil -900phr gels 
for (a) x=Ophr, (b)x=3.4phr and (c) x=20.7phr , respectively. 
Table 4-7 Diameter of the PS domains in the high-Mw 
SEEPS-lOOphrIPPO-xphrlhigh·Mw oil-900phr gels. 
PPO,x phr o phr 3.4 phr 
d in nm 50±6 50±6 
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If PPO is miscible with the PS domains of the SEEPS gels, the mean diameter of the PS 
domains should increase with the PPO fraction However, as seen in the above table and in the 
TEM images, it is difficult to detect the effect. 
4.6.3 Small angle X-ray scattering 
Fig.4-41 shows the SAXS traces for the high-Mw SEEPS-l00pbrlPPO-xpbr/high-Mw 
oil-9OOpbr gels. In this figure, (a), (b) and (c) is forx=Opbr, 3.4pbr and 7.8phr, respectively. The 
intensities of each sample are shifted by an additional factor of 5xl 0.13 to 18cilitate comparison. 
As seen in this figure, just one unclear peak around q' '" 0.2 for each alIVe was detected. As 
discussed previously, it is believed that this peak might be associated with interdomain scattering. 
By using a Gaussian function curve fitting, this peak was calculated for each alIVe. The relation 
between the computed value of d and the PPO/(pS+PPO) composition is plotted in Fig.4-42. As 
seen in this figure, an effect of the addition of PPO on the interdomain spacing was not 
discerned strongly. 
In this study, it has been found that the added PPO clearly does not affect the PS domains and 
the interdomain spacing in the SEEPS gels to any marked extent. This reason may be associated 
with insufficient misCIbility of PPO component with the PS domains. Taking account into the 
chain length ofPPO and the PS block length to select the pair of the SEEPS copolymer and 
PPO homopolymer, it is thought that the added PPO may remain in the EEP/oil block 
inhomogeneous1y. According to Jackson et alP48J, the addition ofPPO was demonstrated in the 
SEBS gels. It was confirmed from their resu1ts that the addition ofPPO up to 3wt"1o affects an 
increase of the PS domain size. On the other hand, it was mentioned that a fiuther increase of 
PPO over 3 wt"1o resu1ts in incomplete dissolution ofPPO under the conditions of mechanical 
blending at 200"C. From this point of view, it is appreciated that the misClbi1ity ofPPO with the 
PS blocks in the polystyrene tnblock copolymers is not enough to obtain fully misCIble 
SEEPS/PPO gel. In addition, PPO of a moleru1ar weight of 8,100 !ifmol and SEBS of a 
molecular weight of 161,000 !ifmol were used in their study. These values are approximately 
half the values used in our study. It can be said that this discrepancy may directly influence the 
misCIbility of the PPO with the PS blocks. 
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4.7 V .. SIS /paraft"mic oil system composition study 
4.7.1 Modulated -temperature differential sCJlnning calorimetry 
In this section, the Vi-SISlparaffinic oil system is investigated. Because oil bleeding happened in 
the Vi-SIS/bigh-Mw oil gels, the mid·Mw paraflinic oil was used throughout. Fig.443 shows 
the heat flow and Cp behaviours of the Vi-SIS copolymer without any oil. In this case also, in 
o~ to investigate the thennal history of the samples, the first run is the received sample 
without any heat 1reatment. After the first run, the sample was slowly cooled in the method 
desmbed in the section 4.1.1. Then, the second run was camed out immediately. Both results 
are shown in Fig.443. As seen in this figure, over the temperature range examined, the heat 
flow and the Cp behaviour of the first run and the second run are almost identical. From these 
results, it can be confumed that the morphologies ofboth samples are essentially same and the 
slow cooling did not affect the initial morphology of the received sample. 
The Tg of Vi-I block can be detected from the step change in Cp or the abrupt change ofheat 
flow, as seen in this figure. The Tg of Vi-I block of the Vi-SIS copolymer was 14.7 + 1.000C . 
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Fig.4-43 Heat flow and Cp behaviour of1he Vi-SIS copolymer. 
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Fig.4-44 shows the Cp behaviour of the Vi-SIS/mid-Mw oil gels at different compositions. With 
increasing oil fraction, the Tg of the Vi-I block decreased. Consequently, it can be said that the 
added oil is selectively miscible with the Vi-I block The Tg of the Vi-I block for each 
composition was plotted in Fig.4-4S. In this figure, the data calmlated by the Fox equation[l83] 
are also plotted. The Tgs were in very good agreement with the data of the Fox equation. 
Therefore, it was confinned that the added mid-Mw oil is selectively miscible with the Vi-I 
block. 
The storage modulus and the loss modulus of the Vi-SISI mid-Mw oil gels at different 
compositions are plotted in Figs.4-46 (a) and (b), respectively. In these figures, the 
Vi-SIS-lOOwt"Io and the Vi-SIS-80wt% samples were determined in the tensile mode with a 
mean strain of 1.0%. On the other hand, the Vi-SIS-SOwt% and the Vi-SIS-30wt% samples 
were determined in the shear mode, but also with a mean strain of 1.0%. As determined 
previously, the Tgofthe Vi-I block in the Vi-SIS copolymer is 14.7±1.O"C. Due to the effect of 
the g1ass transition of the Vi-I block, abrupt changes in both the storage moduhJs, E', and the loss 
modulus, E", were detected around 0-2O"C. For example, the tel11pelature dependence of the 
storage modulus for the Vi-SIS copolymer is expressed as E' at IO"C/E' at 4O"C",IS.S . With 
increasing oil fraction, the Tg of Vi-I block d.x:reased, as a result, the temperature dependence of 
the storage modulus decreased. The temperature dependence of Cl' at IO"C /Cl' at 4O"C was 
found to be 1.1 and 1.2 for the Vi-SIS-SOwt"Io gel and the Vi-SIS-30wt"1o gel, respectively. As 
acknowledged from these values, the addition of the oil is very usefiJ1 to reduce the temperature 
dependence of the storage modulus and the loss modulus of this Vi-SIS copolymer. 
In this experiment, the Tg of PS block cou1d not be detected clearly. This may be due to the 
sma11 fraction of the PS blocks. In fact, the Vi-SIS sample -100wt"1o at temperatures over 1 OO"C 
was too soft to contim.Ie the measurements by the tensile mode. On the other hand, the decrease 
in Cl' and the G" peak were found in the Vi-SIS-SOwt"Io gel and the Vi-SIS-30wt"1o gel, 
measured using the shear mode in the temperature region of lOO-120"C. As explained 
previously, the transitions observed in Cl' and G" in this temperature range correspond to the 
order-disorder transition of the Vi-SIS copolymer. The order-disorder transitions of the Vi-SIS 
copolymer gels are also discussed in the next chapter. 
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4.7.2 Transmission electron microscopy 
Fig.4-47 shows the TEM images of the Vi-SIS/mid-Mw oil gels at different compositions. In 
this figW"e, (a), (b), (c) and (d) show the Vi-S1S-100wt% sample, the Vi-SIS-80wt% sample, 
the Vi-SIS-50wt% sample and the Vi-S1S-30wt% sample, respectively. Since all samples in 
this series were stained by OS04, the dark parts are the Vi-I blocks, which include tile 
carbon-carbon double bonds. As seen in FigsA-47 (a) and (b) , a hpc structure was clearly 
observed for the Vi-SIS copolymer and the Vi-S1S-8Owt% sample. Nevertheless, with 
increasing oil fraction, the contrast between the PS domains and the Vi-Voil domains 
decreased. Therefore, it was very difficult to detemline the structure fomled in the oil-rich gels. 
This tendency may be caused by the added paraffinic oil, which has more or less no 
carbon-carbon double bonds. ill order to detemune the morphology with more confidence, the 
fo llowing SAXS experiments are carried out. 
200nm 
Fig.4-47 TEM images of the Vi-S IS/mid-Mw oil gels for (a) Vi-SIS-IOOWI% , (b) Vi-SIS-
80wt"/0I oi l-20wt"/o, (c) Vi-SIS-50wt"/0I oil-50 Wl % and (d) Vi-S IS-30 wt"/0I oil-70 wt"1o, 
respectively. 
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4.7.3 Small angle X-ray scattering 
Fig.4-48 shows the SAXS traces for the Vi-SISImid-Mw oil gels at different compositions. The 
SAXS traces of the Vi-SIS-1OO"1o and the Vi-SIS-80wt% samples are shown in Fig.4-48 (a) and 
the Vi-SIS-SOwt% and the Vi-SIS-30wt% samples are presented in Fig.4-48 (b), respectively. 
As discussed previously, the observed scattering peaks can be modelled by Gallssian 
functions[38,I02). Therefore, the t\w peaks obtained for the Vi-SIS copolymer-100wt% were 
calculated by the cwve fitting. The relationship between the two peak positions satisfied the 
characteristic relation for a hpc structure. By using the cwve fitting desaibed above, the four 
peaks obtained for the Vi-SIS-80wt% were ca),.dated. From the peak positions, it was also 
confinned that the Vi-SIS-80 sample has the hpc structure. Thelefure, it was confinned from the 
TEM image, shown in Figs. 4-47 (a) and (b) and the SAXS data that the Vi-SIS block 
copolymer and the Vi-SIS-80wt% sample have the hpc structure. 
Regarding the first and the second peaks in the SAXS traces for the Vi-SIS-SOwt% gel, the 
cwve fitting of two Gaussians functions were examined. This relationship of the positions 
between the first peak and the second peak was satisfied by the characteristic relation for a hpc 
structure: i.e., q., = 1,..j3 . Therefore, it was confinned from the SAXS charts that the 
Vi-SIS-SOwt% gel also has a hpc structure. 
Wtth respect to the obtained two peaks in the SAXS traces for the Vi-SIS-30wt% gel, the cwve 
fitting of two Gallssians functions showed the relationship between the first and second peaks 
satisfies the 1:.J2 ratio. Although more higher ordered peaks have not beelt observed in the 
traces, this relation of the peak positions suggests that the morphology of the gel has a spherical 
structure with a bee 1attice (the first and second peaks corresponding to the (110) and (200) 
planes, respectively) or a simple cubic arrangelnent (the first and the second peaks 
corresponding to the (lOO) and (110) planes, respectively). 
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Fig.4-48 (a) and (b) SAXS traces for the Vi·SIS/mid-Mw oil gels for Vi·SIS-
lOOwt"Io (e), Vi-SIS-80wt"/oIoil-20wt"1o (0), Vi-SIS-SOwt"/oIoil-SOwt"Io (_) 
and Vi-SIS-30wt"/oIoi1-70wt"/o(.6.), respectively. 
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4.8 Conclusions 
In this chapter, the miscibility and the morphology for three different systems, SEPS/ paraffinic 
oil gels, SEEPSlparaffinic oil gels and Vi-SISIparaffinic gels, were investigated by M-msc, 
DMTA, TEM and SAXS. The results obtained can be summarised. 
SEPS/paraffinic oil system: 
(1) It was confinned by M-mSC that the morphology of the SEPS copolymer was not 
influenced by holding it at 130·C and cooling slowly. 
(2) While the EP block Tg can be detennined by the step change in the Cp curve, the Tg of the 
ps blocks cannot be detected by M-msc. 
(3) It was observed that the paraffinic oil also has tlie step change in the Cp due to its Tg. 
However, it showed complex Cp behaviour caused by the included wax components. 
(4) With increasing oil fraction in the SEPS/oil system, the Tg of the EP block decreased. The 
Tgs obtained were satisfied by the Fox equation. 
(5) By using DMTA in the shear mode, the decrease of the storage modulus of the SEPS/oil 
gels, which corresponds to an order-disorder transition, was found at high temperatures. 
(6) It was shown by TEM and SAXS that the morphology formed in the SEPS/oil system was 
dependent on the composition and the weight fraction of the ps blocks. 
(7) The interdomain spacing was calcuIated from the scattering maxima obtained by the SAXS. 
The value of the characteristic domain size was dependent on the polymer concentration. 
(8) In the SEPS-20wt%,/low-Mw oil-8Owt"A gel, the Tg of the EP block was higher than that 
calcu1ated by the Fox equation. It is believed that this difference indicates miscibility of the 
low-Mw oil with the PS blocks. 
(9) To confinn the above conclusion, swe11ing tests were carried out on PS pellets. It was 
confinned that the swe11ing behaviour depended on both the temperature and the molecular 
weight of the oil. 
(10) According to the TEM images, a complex PS domain morphology with the nonna1 size 
and lmge size domains was found in the SEPSJlow-Mw oil gel. This image is direct proof 
of the swelHng of the PS domains with the low-Mw oil. 
(11) It was confinned by SAXS that the inderdomain spacing was not noticeably influenced by 
the molecular weight of paraffinic oil. 
(12) In order to eva1uate the effect of the cooling process, the quenched and the slowly cooled 
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samples were examined. It was concluded from M-TDSe, TEM and SAXS results that the 
cooling processes used in this study did not produce detectable effects on the motphology 
and the misctbility. 
SEEPS/oil system: 
(13) It was confinned by M-TDSe that the motphology of the SEEPS copolymer was not 
influenced by heat treatment at 130"e and slowly cooling. 
(14) While the Tg of the EEP block could be detected by a step change in the Cp cwve, the 
transition behaviOW' due to the polyethylene sequences included in the EEP block was 
found around 10-2O"C. In addition, it was confirmed by DMTA that this transition did not 
influence the storage and the loss mOIMi. 
(IS) The Tgs of the EEP block in the SEEPs/oil system were also dependent on the 
composition. However, the Tgs did not agree with the Tgs calculated by the Fox equation. 
Since the Tg of the EP block: in the SEPs/oil system satisfied with the Fox equation, this 
behaviOW' was also associated with the ethylene sequences in the EEP blocks. 
(16) The composition dependence of the motphology in the SEEPS/oil system was similar to 
that observed in the SEPs/oil system. 
(17) The relationship between the interdomain spacing and the polymer composition in this 
system was also very similar to that obtained in the SEPS/oil system. 
(18) The effect of the addition of poly(2,6-dimethyl-l,4-phenylene oxide) (PPO) as a PS 
domain selective homopolymer was investigated. The misct'bility of PPO with the PS 
blocks was confirmed. However, the PPO did not produce a perceptible effect on the 
motphology ofhigb-Mw SEEPs/oil gel. 
Vi-SJs/oil system: 
(19) As for the other systems investigated in this study, it was confinned by M-TDSe that the 
mOtphology of the Vi-SIS copolymer was not influenced by heat treatment at 13O"C and 
slow cooling. 
(20) WIth increasing oil fraction, the Tg of the Vi-I blocks decreased. The Tgs obtained were in 
good agreement with the data calculated by the Fox equation. 
(21) The temperature dependence of the storage and the loss moduli was dramatically changed 
by the addition of oil. 
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(22) By using TEM and SAXS, the morphology of the Vi-SIS/oil system was confinned. 
Hexagonal-packed cylindrical (bpc) structure was found in the Vi-SIS copolymer with up 
to 50wt% ofparaffinic oil. On the other hand, it was confinned that the Vi-SIS-30wt"1o gel 
had a spherical structure. 
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Chapter 5 
Order-disorder transition studied by 
modulated temperature differential scanning calorimetry 
The order-disorder transition phenomena of block copolymers have been extensively 
investigated theoretica1lyll2lJ and experlmental1y1I7), because it is very important for industry to 
understand the behaviour of block copolymers. Most worlc on the order-disorder transition has 
been investigated by using SAXS, since it is possible to analyse the transition from the ordered 
state·to the disordered state by the change of scattering intensity. On the other hand, there have 
been several differential scanning ca10rimetry (DSC) studiesLJ9•188) of this transition 
Nevertheless, it has been considEml to be difficult to detect and analyse it by DSC due to it 
being a very small thennal event. 
As mentioned previously, modulated temperature differential scanning ca10rimetry (M-TDSC) 
is a powerful tool to detect thermal events. It is poSSIble that M-TDSC could give thermal 
infonnation about the order-disorder transition In the previO\lS chapter, the deaease of the 
modulus asmbed to the order-disorder transition was observed by DMTA for some SEPS gels. 
Therefore, the order-disorder transition behaviour for three kinds of polystyrene-based triblock 
copolymers gels swollen with paraffinic oil has been investigated by M-roSC. Furthermore, 
the resuhs are compared with other literature resuhs, where the data were obtained by DSC or 
SAXS. 
5.1 SEPSlparaff'mic oil system 
5.1.1 Composition study 
In Fig.S-I, the relationship between the heat capacity, Cp, and the temperature for the SEPS 
tnblock copolymer gels swollen with high-Mw oil are shown. The gels with different polymer 
concentrations are 1isted in the figure. As shown in this figure, the order-disordertransition, Tod, 
was detected as a clear step change in heat capacity by M-TDSC. It was also very obviO\lS that 
the obtained Tod was influenced by the polymer concentration 
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The order-disorder temperature, Too, and the summation ofhea1 capacity, acp at Tod (units: 
J/gfC), were defined as shown in Fig.s-2 and used in this study to anaIyze the order-disorder 
transitions for the polymer gels. The Tod was determined as the temperature of the inflection 
point, at which the Cp curve has its steepest slope, as depicted in the figure. On the other hand, 
fl Cp at Tod can be obtained by the summation of the dCpldT peak (units: J/gI"CI"C) at Too, as 
shown in the figure. It has been reported that the dCpldT with temperature signal for weak 
( transitions from sma\l concentrations is detectable more accwateIy by M-IDSC rather than by 
conventional DSC[l77). Thus, it is believed that these data should be usefu\ in the understanding 
of order-disorder transitions in polymer gels. Therefore, a Cp at Tod has been used in the 
discussions of several parts of this study. Fig.s-3 shows the composition dependence of the Toe!. 
As seen in Fig.5-3, with decreasing polyme: concenuation, the Tod dea'eased linearly. If this 
linear re1ationship continues to the 100"10 SEPS 1nblock copolymer, the Tod is expected to be ca 
38s"C. This temperature is in the range where polymer degradation occurs. Therefore, it is 
impOSSIble to observe direct1y the Tod of the polymer COmponent[l7]. 
The linear relationship obtained between polymer concentration and Tod can be explained as 
follows. The interaction parameter for the PS and EP blocks, Z, should be satisfied by the 
following relations related to the effect of the added paraflinic oi\[ll2], 
(5-1) 
where Z. is the interaction parameter for the PS and EP blocks at the order-disorder transition 
temperature. rpp is the polymer concentration and Z '.0 is the interaction parameter when 
rpp = 1, that is for the bulk copolymer: This re1ation can be transformed by using the following 
relation[ll2]. 
Z=A+BIT (5-2) 
(5-3) 
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where A and B are constants, respectively. T od and T... are the order-disorder transition 
temperatme of the block copolymer with added oil and in the bulk state, respective1y. From 
equation (5-3), it is obvious that the order-disorder transition temperatme depends on the 
polymer/oil concentIation. The higher the concentration of polymer, the higher the 
order-disorder transition temperature. It is believed that the observed result shown in Fig.5-3 
shows the bebaviour suggested in equation (5-3). 
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Fig.5-3 Composition dependenre of1he Tod for 1he SEPSIhigh-Mw oil gels. 
S.1.2 The effect ofmoJecularweight of the paraffinic oil 
In this section, the effect of the molecular weight of the paraffinic oil on the order-disorder 
transition bebaviour of block copolymer gels is presented. Fig.5-4 shows the relationship 
between Cp and temperature for SEPS gels with different Mw of oil. For this experiment, the 
composition of SEPSloiI was kept at 20/80 wt"/o. It is obvious that each Cp signal shows an 
abrupt step change due to the order-disorder transition. 
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Fig.5-4 Effect of Mw of the oil component. The oompnsition 
ofthc SEPSloil gel was 20180 wl"/o. 
In Fig.5-5(a), the dependence of Tod on the molecular weight of oil is shown The linear 
relationship between molecular weight of the paraffinic oil and the Tod is clearly seen It was 
proved earlier from a swelling test that the PS domains were swollen with the low-Mw oil more 
that with the high-Mw oil at high temperature. It is believed that the dependence ofTod on the 
moleru1ar weight of the oil comes about because of the change in the miSCIbility of the oil 
component with PS domains. 
Fig.5-5(b) shows the relationship between the Il. Cp at Tod and the Mw of the oil. The Il.Cp 
value obtained can be descnbed by the following equation. 
[a(Ml)] = Il.C aT p P (5-4) 
=Cp(disordered state)-Cp(ordered state) 
Ml=H(disordered state)-H(ordered state) (5-5) 
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where H is the enthalpy. Therefore, the difference of Cp between the disordered and the ordered 
states is caused by the difference of the enthalpy between these states. 
Generally speaking, the difference of the enthalpy between the disordered and the ordered states 
for block copolymers can be descnbed as follows[I6). 
IlH _ VffJ .4ffJBZkBT NZkBTA. 
VA 2TA 
(5-6) 
where V is the vohune of the system, V.4 is the molar vohune of an A-segment, ffJ A and 
ffJ B are the volume fractions of the A- and B- components, respectively. k B is the Bo1tzmann 
constant and Tis the temperature. Nis the munber of A-B moleaJ!es in the area of the interface, 
A. is the interfiIcial thickness and TA is the thickness of an A-domain. In the above equation, the 
first term represents the heat mixing of segments in the disordered state and the second term 
represents the heat mixing of segments in the ordered state in the interface region. 
If the enthalpy changes due to the contacts between the polymer segments and the oil segments 
can be neglected, it is possible to say from the above equation that the enthalpy change is 
dependent on the intedilce region. With ina'easing amount of intediIce region, the enthalpy 
change should decrease. From this point of view, the results shown in Fig.5-5 (b) can reveal the 
difference between the amounts of PS and EP segment contacts in the ordered state and those in 
the disordered state. As can be seen in this figure, A Cp at Tod showed a moderate dependence 
on the molecular weight of the paraflinic oil. From this result, it was confinned that the ordered 
structure of SEPS block copolymer gels was aff'ected by the moleaJ!ar weight of oil component 
and that the SEPS gels swollen with lower molecular weight paraflinic oils might have slightly 
larger amounts of the interface in the ordered structure. 
5.1.3 The effect of heating rate 
. In this section, the effect of M-TDse heating rate on the order-disorder transitions behaviour is 
discussed In Fig.5-6 (a), the Tod heating rate dependence for the SEPS-30wt%/high-Mw 
oil-7OwfIo gel is shown. It is confinned from this result that the Tod is independent of the 
heating rate examined in this study. It is know that the g1ass transition behaviour of a polymer 
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depends strongly on the kinetics of the measurements[I8!>I. However, the present resuhs of the 
order-disorder transitions showed the character of a first order transition. This fact is in good 
agreement with the other researchers' opinionsl1!1O, 1911. This point will be disaJssed in more 
detail later. 
Fig.5-6(b) shows the heating rate dependence of A Cp at Tod. h can be said, within the 
experimental errot; that A Cp is also independent of the heating rate. Therefore, further research 
on this dependence should be conducted. 
5.1.4 The Tod behaviour and the cooling process 
In this study, the order-disorder transition behaviour has been nonnaIly investigated by using a 
heating process in M·mSC. In order to ehJcidate the heat capacity behaviour at Tod under the 
cooling process, further experiments were earned out. At first, the sample of the 
SEPS-20wt"/oIhigh-Mw oil-SOwt"/o gel was heated up under the conventional moodated heating 
profile at 2.O"C'min up to 16O"C and the data throughout the heating process were obtained. 
After the heating process, the sample was hold for 3minutes at 16O"C and then the cooling 
process with the temperature modulation was carried out down to 25"C. The cooling rate of 
2.0"C/min was also used in the measurements. 
The resuhs obtained are shown in Fig.S·7.As seen in this figure, the step change of the Cp due to 
the order-disorder transition was clearly observed under the heating process. On the other hand, 
under the cooling process, no step change in Cp was seen. In filet, an ambiguous step change 
around the Tod was observed. The reason why the order-disorder transition was not detected 
under the cooling process can be explained as follows. Fig.S-S (a) showed a schematic image of 
the sample vessel and the sample used in this study. The sample vessel is of the aIuminum 
hennatically sealed type and was selected not to cause any damage to the instrument due to any 
evaporated oil. Before the measurement, the sample was put to obtain the data acaD'ately, as 
seen in Fig.S.g (a). However, once the temperature is over the Toe!, the sample can flow, and 
then the position of the sample in the sample vessel was not retained due to the surfiu:e tension 
of the sample. h was confirmed by opening the lid after the measurement that the position of the 
sample had changed, as shown in Fig.S-S (b). Sincethe sample could not maintain an acairate 
position, the response signal from the sample has not been obtained during the cooling process. 
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In order to obtain the information of the order-disorder transition under the cooling process, the 
developments of the appropriate sample vessel should be required. 
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5.2 SEEPSlparatrmic oil system 
5.2.1 Composition study 
In Fig.S-9, the composition dependences of the Tod for SEEPS/high-Mw oil gels are shown. A 
linear relationship between the Tod and the polymer concentration was observed, which is the 
same trend found in the case of the SEPS tnblock copolymer gels. However, comparing the Tod 
at the same polymer concentration for SEPS and SEEPS, the Tods of SEEPS are higher than 
those of SEPS in the range examined in this study. It has been reported[l121 that the Tod is a 
function of the degree of polymerisation and the Z parameter. Therefore, the differences of 
Tods between SEPS and SEEPS might be associated with these parameters. 
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Fig.5-9 Composition dependence of1he Tod for1he low-Mw SEEPSAligh-Mwoil gels. 
5.2.2 The effect ofmolecu1ar weight of SEEPS 
In Figs.S-10(a) and (b), the effect of the molerular weight of SEEPS on the Tods and on A Cp 
at Tod respectively, are shown. It is very obvious that the Tods are dependent on the tota1 
molerular weight of the SEEPS polymer. With increasing polymer molerular weight, the Tod 
increased. This trend made a good agreement with l..elbler's theoryl1211. Aa:ording to his theory, 
the order-disorder transition point is found to occur at the point where 
(5-7) 
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Z is the interaction parameter, N is the total degree of polymerisation and c is the aitical 
transition point. If the zN parameter is as follows . 
(5-8) 
the ordered state is kept under those conditions. On the other hand, the Z parameter is also a 
function of temperature, as discussed already in equation (5-2). 
Z=A+B/T (5-2) 
where Tis the temperature and A andB are constants. From equations (5-2), (5-7) and (5-8), the 
following relation is obtained. 
(5-9) 
If (zN)c has a constant value, Tod should be satisfied by equation (5-9). This means that Tod 
should inaease, with inaeasing the degree of polymerisation This reason can be applied as the 
explanation for the dependence ofTod on the molecular weight as was observed in this study. 
On the other hand, it was confirmed that 11 Cp at Tod is independent of the total molecular 
weight of polymer in the range used in this study, as seen in FigS-I O(b). As explained 
previously, the heat capacity at Tod is associated with the discontimJity of enthalpy caused by 
the PS and EEP segment contacts. From this point of view, it can be said that SEEPS triblock 
copolymer in this study has similar degrees of segment contact in the ordered state. 
5.3 Vi-SIS/paraft"mic oil system 
5.3.1 Composition study 
In Fig.S-II, the composition dependence of the Tod for the Vi-SIst paraflinic oil system is 
shown A linear relationship between the Tod and the polymer concenuation was observed, as in 
the cases for both the SEPS and SEEPS triblock copolymers. Instead of high-Mw oil, mid-Mw 
oil was used for this series, because oil bleeding occurred in the Vi-SIS tn'block copolymer gels 
swollen with the high-Mw oil. This oil bleeding may be caused by the change of composition of 
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the midblocks in Vi-SIS. Even though the tota\ molecular weight ofVi-SIS (120,000 Wmol) is 
bigher than that of SEPS (76,500 Wmol), the Tods obtained for the Vi-SIS gels are lower than 
those for the SEPS gels in the range examined in this study. This could be due to the effect of the 
molecular weight of the parafiinic oil, as descnbed earlier (See Section 5.1.2). 
250 ,......,..~.,.....,..~~-.-~-.-..,......,.~...,.....,~~......, 
!, I"~, i" ! ! i, , 
. .. .. : . . 
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~~~~~~-L~~~~~~~~ 
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Polymer concentratIon /wt% 
Fig.5-U Composition dependence of the Tod for the Vi-SIS/mid-Mw oil gels. 
5.3.2 The effect of annealing 
In this section, the effect of annealing on the order-disorder transition bebaviOlU' is investigated. 
Fig.5-12 shows the Cp bebaviOlU' ofa quenched sample ofVi-SIS gel swollen with the mid-Mw 
oil and that of an annealed sample. In the present study, the temperature of annealing was (Tod -
80)"C for 24hours, as desaibed in section 3.3. In this case, the temperature was 7f1'C 
(Tod-I5O"C-80·C) for 241Durs for the Vi-SIS-50wt%Jmid-Mw oil-50wt"1o gel. The quenched 
sample often showed two transitions in Cp, as seen at 1050C and 15O"C in Fig 5-12. However, 
once the quenched sample was annealed under the conditions descnbed above, these annealed 
samples always showed just a single transition, as seen in the same figure. Interestingly enough, 
the single peak Tod in the annealed sample was located at the Tod of bigher transition in the 
quenched sample. These phenomena were also observed in SEPSIIow-Mw oil systems. 
Furthermore, the ca\o dated !:. Cp values are summarized in Table 5-1. As seen in this table, the 
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total a Cp for the higher and lower transiticns in the quenched sample are in good agreement 
with the a Cp value for the annealed sample. From these results, it can be said that two 
structures, i.e., an unstable structure and a stable structure, were formed in the quenched sample. 
However, by being annealed, the unstable structure was transformed into the stable one. 
Therefore, the stable structure with a single transition was fonned. 
Table 5-1 Tod aDd A Cp at Tod for the Vi-SIS-SOwi"/cJmid..Mw oil-SOwi"Io gel 
Sample Tod I"c .6Cp at Tod IJ/g/°C 
quenched lower Tod: 105 0.48 
higher Tod:150 0.28 
annealed single Tod:150 0.80 
In order to confinn this phenomenon, the morphologies of these samples were investigated by 
SAXS. The resu1ts are shown in Flg.5-l3. As seen in this figure, the scattering vector observed 
at the first maximum for annealed sample was slightly different from that of quenched sample. 
The interdomain spacing calmlated from the peak position of the first maximum were 30.3 + 
3.5 nm and 28.9±3.5 nm for the quenched and the annealed samples, respectively. 
In addition, several intensity peaks at higher scattering vectors were obtained in the annealed 
sample more clearly than those in the quenched sample. This filet means that a more highly 
ordered morphology was obtained by the annealing. Ftnthermore, it should be mentioned here 
that the intensity of the second maximum observed at the position of ..fjq. in the annealed 
sample was reduced by the annealing. This phenomena might be associated with the effect of 
the form fiIctor of the cylinders. It is believed that the development of the we1I-ordered hpc 
structure results in the reduction of the intensity ofthe..fjq· peak, in which a minimum in the 
fonn factor of the cylinders is predicted(20. 99). 
From these results, it can be inferred that the structure formed in the quenched sample was in 
slightly stretched state. By being annealed, the stretched structure was relaxed and re-fonned 
and a weII-ordered morphology was obtained by annealing. The transformation of the structure 
observed by SAXS supports the morphology transformation observed by using M-IDSC. It 
should be noted that M-IDSC can also detect two order-disorder transitions, which were 
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sometimes found in the quenched samples. Because it is very difficult to analyze the dual Tods 
by using SAXS, the advantage ofM-IDSC to analyze the order-disorder transitions should be 
pursued. 
5.4 Comparison with other literature results 
In order to compare the data obtained in this study with other literature resuhs, the composition 
dependence ofTod for SEEPS triblock copolymer was plotted with other data obtained by other 
methods in Fig. 5-14. In this figw-e, the data from the present study are plotted as circles (e), 
the literature dataP!I) obtained by a conventional DSC for SEBS (Mw:94,OOO, PS: 29wt"loya 
mixture of hydrocarbon oils (Mn:600) are plotted as blank circles (0) and the other 1iterature 
data[37] obtained by SAXS for a SEBS (Mw:l00,OOO, PS:29wt"IoY a mixture ofaliphatic and 
alicyclic oils (Mn '" 400 ) system are shown as triangles ( A). As seen in this figure, the linear 
relationship between the Tods and polymer cor.cenl:tation in this study is in good agreement 
with other literature results. It is also proved that the order-disorder transition can be readily and 
accurately detected by M-IDSC. 
However, it was found that there are slight differences of Tods among the 1isted triblock 
copolymers in the figure. It is believed that these discrepancies are associated with the degree of 
polymerisation, the Z parameter of the endblocks and the midblock and the natme of the oil 
components, because it has been found in the present study that the Tod is dependent on the 
molecu1ar weight of copolymers and the paraffinic oils. The Z parameter is also determined 
by the natures of the pair of endblocks and the midblock. 
Practically, the evaluation of the order -disorder transition temperature of block copolymers is 
very significant, because the processability of the block copolymers hugely relies on the 
order-disorder transition temperature. Therefore, the eva1uation of the Tod with a 
straightforward method has been required by industry. It has been acknowledged[17,2O) that the 
detennination of Tod by SAXS is an accurate method. Howevef; it is not readily possible to 
, 
obtain the temperature dependence from SAXS experiments, because the equipment is not 
readily available. On the other hand, it has been shown to be poSSIble to evaluate the Tod by 
conventional DSC, but, the actua\ heat flow is very sma\1[3!1). Therefore, it shou1d be very 
difficult to evaluate the complicated Tod behaviour, such as the Tods observed in the quenched 
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Vi-SIS-SOwt%/mid-Mw oil-SOwtOIo in the present study. From this point of view, it should be 
underlined that M-rose can be the best way to analyse the Tods for block: copolymers, 
especially for industrial purposes. 
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Fig.5-14 The wmpaIison with othcz-li1mdure n:suIts. (e) shows 1be data for1be Iow-Mw 
SEEPSAIigh-Mw gels in 1bepresent study. (0) and (A) sbow1be data obtained by DSC 
for SEBSloil systems)39J and 1be data obtained by SAXS for SEBSloil systemsl37J , 
respectively. 
S.S Discussion 
S.S.l Change of heat capacity at the order-disorder transition temperature 
In this study, the order-disorder transition was obse%ved as a step change in heat capacity. In this 
section, the nature of this step change of heat capacity is discussed. 
Generally speaking, for a first order transition such as melting or vapori2ation, there are 
discontinuities in entropy, S, volume, V, and enthalpy, H, since 
[::1 =-s (5-10) 
169 
Chapter 5: Order-disorder transition 
[OG] =V oP T 
[O(G/D] -H o(lIT) p 
(5-11) 
(5-12) 
As aresu1t, there is a step changeinH attheTod as shown in Fig.S-15 (a). In this case, the latent 
heat is involved at this transition point. 
On the other hand, in the case of a second order transition, there is a discontinuity in the second 
partial derivatives of the free energy functior., but continuity ofboth the free energy and its first 
partia1 derivatives. Hence, there are no discontinnities in S, V or H at the temperature of the 
transition, but there are discontinuities in the variations of heat capacity, as desm"bed in 
FJgS.S-15 (b) and (d). As seen in Fig.S-15 (d), since the shape of this function is simi1ar to the 
shape of" A.", this kind of transition is called as the A. transition For a second order transition, 
latent heat is 1101: involved at this transition point. The second order transitions include 
order-disordertransitions found in some metal allOys[192) and the onset offerromagnetism[I93). 
In the case of the block copolymers investigated in this study, the shape of the heat capacity step 
was different from that of the order-disorder transitions in the ferromagnetic materials[193). The 
shape of the heat capacity curve was identical to that offirst ordertransitions, as seen in Fig.5-15 
(c). The difference of behaviour indicates a different nature for each transition Hence, the 
, 
order-disorder transitions in block copolymer are considered as first order transitions. This 
opinion that the order-disorder transition in block copolymer is a first order transition has been 
supported by many researchers[I90,191). 
As seen in Fig.5-15 (a), in the case of a first order transition, the enthalpy shows a discontinuity 
at the transition point. From this point of view, the order-disordertransition in block copolymers 
should have a discontinuity of the enthalpy and associated latent heat at the transition points. 
This enthalpy discontinuity in the order-disorder transitions of block copolymers can be 
explained by using Fig.5-l6. In the ordered state of ABA block copolymers, il1ustrated in 
Fig.5-16 (a), each A and B segment segregate with each other and the block copolymer forms 
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an ordered structure. In this state, it is believed that there are few A-B segment contacts confined 
to the interface region On the other hand, in the disordered state, i11ustrated in Fig.5-16 (b), the 
blocks are mixed, and then A-B segment contacts emerge in lBIge munber. Therefore, it is 
believed that the result of the change in the over all heat of mixing caused by the presence of 
A-B segment contacts in disordered state can explain the enthalpy discontinuity. 
From this point of view, I:J. Cp at Tod reported in this study mainly indicates the difference 
between the amounts of A-B segment contacts in the disordered state and those in the ordered 
state. If the I:J. Cp at !od has a high value, it can be explained that the block copolymers in the 
ordered state have fewer A-B segment contacts and the block copolymers are likely to have 
well-ordered structures. 
(a) 
H 
(c) 
Cp 
(b) 
H 
Tod Tod 
(d) 
Cp 
Tod Tod 
First order transitions Second order transitions 
FigS-IS Schematic presentation of1he changes with lempeian.rc of 
en1ha1py IIIId heat capacity for first order ttaDsitions (a IIIId c) IIIId second 
order transitions (b IIIId cl) 
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.. ~ 
(a) Ord=d state of an ABA tl'ibloclc copolymer (b) Disordemi state of an ABA 1ribloclc copolymer 
Fig.S-16 Schematic presentation of an ABA 1ribloclc copolymer. 
(a) The ordered state and (b) The disarde:ed state, respectively. 
5.5.2 Phase shift between the modulated temperature and heat flow 
The genecal heat flow equation, equation (3-3) shown in chapter 3, desaibing M-lDSe 
assumes that there is no kinetic phenomena due to the instantaneous response of the sample to 
temperature modulation in regions where transitions ocrur. Therefore, it is assumed that the 
modulated heat flow is 180" out-of-phase with respect to the mooulated heating rate. However, 
this assumption is not completely valid and there exists a phase shift between the modulated 
heat flow and the modulated heating rate due to non-instantaneous heat transfer from the sample 
holder assembly to the sample. 
Consequently, the heat capacity measured by M-TDSC can be considered as a complex heat 
capacity and is denoted q,oK17VJ. The complex heat capacity has two components: a component 
that is in-phase with the temperature modulation Cp' (reversing heat capacity) and an 
out-of-phase component Cp" (kinetic heat capacity). The above heat capacities are desaibed 
by the following equations(176). 
Cp· = Cp'-i('p" (5-13) 
(5-14) 
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where i is the square root of-I. From the above equations, Cp' and Cp" are called as the real 
and the imaginary components of heat capacity, respectively. 
Generally speaking, it is v«'! often the case for glass transitions, chemical reactions, solvent loss 
and crystallization, that the kinetic heat flow is very smal1 and can be neglected. Therefore, the 
following equation can be accepted. 
Cp· .. Cp' (5-15) 
However, the effect of Cp" becomes significant in melting transitions[l94] where a 1mBe phase 
Jag is vel)' often observed. 
Figs.S-I7 (a) and (b) in the previous page show typical resu1ts for the modulated heat flow and 
the modu1ated heating rate and the heat flow phase obtained at the order-disorder transition. As 
seen in Fig.S-17 (b), the phase shift is very small at the Tod. The measured value of Cp' at Tod 
is less than 1% of the value of Cp' . Therefore, the complex heat capacity has been used as the 
reported heat capacity throughout this study. 
5.6 Conclusions 
In this section, the order-disorder transition behaviour of block copolymer gels swollen with 
paraflinic oil was investigated by M-TDSC. The resu1ts obtained can be summarized as follows. 
(1) The order-disorder transition temperatures were readily detected by M-TDSC as abrupt step 
changes in the heat capacity of these triblock copolymer gels. 
(2) The Tods of the block copolymer gels were dependent on the composition of polymer. WIth 
increasing polymer conceulIati.:m, the Tod increased. This trend was in good agreement 
with 1iterature data obtained by SAXS and DSC. 
(3) The values of 11 Cp at Tod shows the enthaIpy change in the overall heat of mixing is 
caused by the presence of endblock-midblock segment contacts in the disordered state. 
Therefore, 11 Cp at Tod can be used as a parameter to represent the interfiIce region and the 
degree of order in the structures. _ 
(4) It was also confirmed that the Tods of block copolymer gels were strongly influenced by the 
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molecu1ar weight of the oil component. 
(5) The Tods of the block copolymer gels were dependent on the molecular weight of polymer. 
With increasing polymer molecular weight, the Tod increased. This resu1t was in good 
agreement with the Leibler's theOIY. 
(6) In some cases, dual transitions in the heat capacity CUIVes were observed. On annealing, a 
single transition was always observed. 
(7) M-rose can now be added to SAXS as a tecbnique for the investigation of order-disordel' 
transitions. 
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Chapter 6 
Stress relaxation 
In this chapter, the stress relaxation of triblock copolymer gels is investigated. As mentioned 
previously, practical insu1ators are normally being used in the defonned state. If the stresses due 
to deformation relax easily, the function fur su.otaining CDs within an aca.JI'8te position will not 
be satisfied. Therefore, it is very important fur this practical use to have a low rate of stress 
relaxation. In this chapter, this property of the SEPS/oil gels, the SEEPS/oil gels and the 
Vi-SISIoll gels is examined to obtain the infonnation on those yielding low rates of stress 
relaxation. 
6.1 SEPSIparaft"mic oD system 
6.1.1 Composition study 
Fig.6-1 (a) shows a typical relation between the decay time and the relaxation modulus 
measured by the use of the compression mode with the strain of 10"/0. In this case, the resuh fur 
the SEPS-2Owt"/oIhlgh-Mw oll-80wt% gel is shown. The temperature was controlled 2S"C± 
I"C, except furthe case of the SEEPSlPPO/oll gels, whtnthe measurements were carried out at 
4O"C + I "C to examine the PPO effect on the stress relaxation behaviour. As seen in Fig.6-1 (a), 
the relaxation modulus decreased abrupt1y in the initial stages of the measurement (less than 200 
s). After the initia1 stages, the modulus kept decreasing, gradually up to the end of the 
measurement (1200 s). This feature was observed in all samples examined in this study. 
Generally speaking, the rate of stress relaxation, m, has been used to investigate and disCllSS the 
stress relaxation behaviour of rubbers and ge!sI147,1491• 
m = dlog(E)/ dlog(t) (6-1) 
where E and t are the relaxation modulus and the decay time, respectively. To obtain m va1ues, 
log-log plots are used as shown in FIg.6-1 (b). In this study, the rate of the stress relaxation, rn, 
was calculated from the best fitting of the observed relations with a linear line. The units for the 
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Fig.6-1 (a) Typic:al stress relaxation behaviour for tbe SEPS-20wt"/oI 
high-Mw oiI-80wt"1ogel. (b) The log-log plot ofthc data from (a). 
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stress relaxation and the decay time were E (kPa) and t (8), respectively. A fresh sample was 
used for each measurement and the measurements were carried out three times. In Fig.6-2, the 
results for all three measurements of the SEPS-lOwt%'high-Mw oil-9Owt"1o gel are shown. As 
seen in this figure, it is believed that the reproducibility of this measnrement in this study is vety 
reasonable. Therefore, the average value of the calculated slope for a sample is reported here. In 
the case of this exarnple, m=0.10±0.01 was obtained. 
To understand the effect of the strain level on the stress relaxation behaviour, different 
defonnation levels, 10%, 20% and 30%, were examined for the SEPS-20wt"/oIhigh-Mw 
oil-8Owt"Io gels and the resuhs are shown in Fig.6-3. As seen in this figure, the difference 
between the relaxation behaviour for each deformation level was minimal. Therefore, the 10% 
defonnation level was selected as the standard for the other measurements. 
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Fig.6-l Stress IelaxatiOll behaviour for the SEPS-IO"/oIhigh-Mw oil-9Owt"1o 
gel. The first nm, the second run and the 1hird run arc shown as (e), (.) 
and (_), respectively. m value was ca1"datM for each line. 
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Fig.6-3 The efI'ect of the strain level cm the stress relaxaticm behaviour. 
The SEPS-20wtOf. ... high-Mw oil-80wt"1o gel was used in this study. 
Fig.64 shows the composition dependence of the stress relaxation fur the SEPSlhigb-Mw 
system. As can be seen in this figure, it was very obvious, as expected, that the relaxation 
relaxation modulus was dependent on the polymer concentration. In Table 6-1, the calculated 
rate of stress relaxation fur each sample is summarized. As can be seen from this table, the m 
value is dependent on the SEPS concentrations. WIth deaeasing polymer fraction, the m value . 
increased. Since the PS blocks act as aosslink points fur the physical netwoIks in the SEPS 
copolymer, it can be said that the PS blocks in the SEPS swollen with IaIge amounts of oil tend 
to be mobile easily, i.e., the cross1ink points can break during the measurement. 
The m values had magnitudes of 0.10 to om fur measured samples. This range agrees1149.1~1 
with those oftypica11y 1ight1y aosslinked rubber. However, the m values for the SEPS-IO"Io gel 
and the SEPS-30wt"1ogel are considerably higher than those obse:ved in lightly crossIinked (m 
-0.(2) [1501 and swollen rubbers (m <O.02j131l. These resuhs indicate that the physical network 
formed in the SEPS gels swollen with 1aIge amounts of oil tends to be more flexible and mobile , 
than those formed in the above rubbers. Therefore, it should be noted that improvements in the 
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stress relaxation of the SEPSloil gels would be required for the practjcal applications mentioned 
earlier. 
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Fig.6-5 Cmp>siti0ll dependenre of1he stress re1axation of1he SEPSJhigb·Mw 
gels. 
Table 6-1 The m values of stress relaxation for 1he SEPSJhigb·Mwoil gels 
SEPS concentration Iwt% 10 30 50 80 
m value 0.10±0.01 0.10+0.D1 0.05 ± 0.01 0.01 ±0.005 
6.1.2 The effect of molecular weight of paraftinic oD 
Fig.6-6 shows the stress relaxation behaviour of the SEPS-20wt"/Jparafihlc oil·80wt"1o gels with 
different molecu1ar weights of paraffinic oil. It was confirmed from these results that the 
relaxation modulus of the samples were almost identical, excepting the sample composed of 
very low-Mw oil. When using this oil, the stress relaxa,tion occurred abnonnally. Therefore, the 
linear relation of the log E /log t was not obtained. The reason for this can be explained by the 
swelling of the PS domains by the added paraffinic oil. As discussed in chapter 4, the swelling 
behaviour of the PS domains depends on the molecular weight of the paraffinic oil. In the case 
of this sample, it is believed that the PS domains were swollen with significant amounts of the 
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very low-Mw oil. Consequently, the PS domains break under the defonnation during the 
measurement. 
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Flg.6-6 The effect ofmolecularweigbt of1hc paraffinic oil 
The SEPS-20wt"/Jail-80wt"1o gel was used. 
Table 6-2 The effect of1hc molecu1arweigbt of1hc paraflinic oil OIl1hcm va1ue 
Oil low-Mwoil mid-Mw oil high-Mw oil 
m value O.18±O.Ol O.12±O.Ol O.09±O.Ol 
In Table 6-2, the m values obtained for the sample listed in Fig.6-6 are summarized. As can be 
seen from this table, the m value 1arge1y relies on the paraffinic oil used. With decreasing 
molerular weight of the paraffinic oil, the m value clearly increased. The bigher values of the 
slope for the SEPSAow-Mw oil gel could be a consequence of the weakness of the aoss1ink 
points of these physical gels. The high-Mw oil is more incompatible with the PS domains, this 
leads to stronger aoss1ink points. A1though this trend was in good agreement with the results of 
Quintana et alP47J, the values ofm for the aurent experiments were much lowec than those of 
their resu1ts ( 0.7::;; m ::;; 5 ) for simi1ar SEBS copolymer and oil systems. Since their values 
were measured for the samples with polymer concentmtions of 100000/o instead of this study of 
20wt%, and the molerular weight of oils in their study was in the range ofvery low-Mw in this 
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study. It is believed that the discrepancy of the m values is attn'buted to these factors. 
6.1.3 The effect of tooting process 
As disalSsed in chapter 4, any effect of the cooling process on the morphology was not detected 
by TEM and SAXS. In orderto confirm this in tenns of the cooling process, the stress relaxation 
was also investigated. Fig.6-7 shows the stress relaxation of the SEPS-2Owt"/oIoil-80wt"1o gels. 
In this figme. the data for the quenched and slow cooled samples for the SEPS-2Owt"/oIlow-Mw 
oil-8Owt"Io gel are shown as (e) and (0), ~. On the other hand, the data for the 
quenched and slow cooled samples for the SEPS-2Owt"/oIhigh-Mw oil-80wt"1o gel are shown as 
( ... ) and (.6.), respectively. As can be seen in this figme. it is clear that the relaxation modu1us of 
the quenched sample was slight1y lowec than that of slow cooled sample for the SEPSIlow-Mw 
oil gel. However, this difference was not observed in the SEPSibigh-Mw oil gels. These resu1ts 
also might be re1ated with the misa'bi1ity of the PS domains with the paraffinic oil. As already 
mentioned, it was confirmed from the swe1Iing tests that the miSCI'bi1ity of the PS blocks 
depends iaIgely on the moleadar weight of the paraffinic oil. The misCl'bi1ity of the PS blocks 
with the 1ow-Mw oil was higher than that with the high-Mw oil. If the phase diagram for the PS 
blocks and the low-Mw oil has an upper critical solution temperature and the PS blocks and the 
low-Mw oil make one liquid phase at 16O"C, the temperature at which the compression 
moulding was carried out for the gel with low-Mw oil, during the slow cooling, phase 
separation of the PS blocks and the low-Mw oil occurred and the obtained composition for each 
phase should be satisfied by the binoda1 curve. However, if the sample is quenched under this 
condition, the ideal degree of phase separation cannot be completed during the cooling process. 
As a result, the tota1 amount of oil in the PS domains should increase. On the other hand, if the 
PS blocks and the high-Mw oil do not consist of one phase at 18O"C, in which the compression 
moulding was carried out for the gel with high-Mw oil, the amounts of the oil encompassed in 
the PS domains will not be influenced by the cooling process. The results observed in this 
expeciment can be explained by these assumptions. Nevertheless, these assumptions have not 
been confirmed in this study, because it is difficult to obtain the proof experimentally. However, 
since it is believed that this is a plaust'ble explanation for these results, further investigation is 
required. 
182 
Chapter 6: Stress relaxation 
J! 
... 
...... 
!!l 
1 
a 
;; 
.. 
>C 
.. 
.. 
"" 
100 
'I ':,' 
6 6 i : , 
A 0 .. IJ. • : : ""."'·'ii~~~ ~':~!h.L~'~'~~~~~;'~L""""-----'''' 
: .... : ! •••• ~ 000c:5 
: : .... : 
: : -. : i e. ~ : e. : 
.' .. 
10L-~~~~~~~~~~~~~ 
1 10 100 1000 104 
Time / 8 
Fig.&-7 Etrect of cooling processes on 1hc stress relaxation behaviour. 
The SEPS-20wt"/oIIaw·Mw oil-80wt"1o gel was used in this study. 
The data for qlll'AlCbed 8IId slow cooled samples for 1hc SEPS-20wt"lcJ 
Iow·Mw oil-80wt"1o gel are shown as (e) and (0), respectively. The data for 
quencbcd 8IId slow c:ooIed samples for 1hc SEPS-20wt"/.Jbigh-Mwoil· 
80wt"1o gels are shown as (A) and (~), respectively. 
Table 6-3 The effect of1hc cooling ~ on 1hem value 
Cooling process quenched sample slow cooled sample 
m value for the SEPS-20wt\/iow-Mw oiHIOwtll ... 1 O.18±O.Ol O.10±O.Ol 
m valu. for the SEPS-2OwtVhlg!t-Mw oiHIOwtll ... 1 O.09±O.Ol O.11±o.ol 
Table 6-3 shows the m values calcu1ated for the samples 1isted in Fig.6-7. As can be seen, the 
effect of the cooling process on the m va1ue was clear only for the SEPS-2Owt"/oIlow·Mw 
oil-80wt"1o gel. The difference between the quenched sample and slow cooled sample for the 
SEPS-2Owt"/crlhigh-Mw oil-8Owt"Io was quite sma11. This tendency was in good agreement with 
the resuhs for the relaxation moduli. Thezefore, the same explanation can be applied to these 
resuhs. In the case of the SEPS gels swonen with the low·Mw oil, some amount of oil remains 
the PS domains in the quenched sample. Consequently, the PS domains can break under 
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defonnation. However, the amount of oil incblded in the PS domains is reduced by the slow 
cooling process. 
As discussed in chapter 4, differences in the morphologies between the quenched and the slow 
cooled samples were not detected by TEM and SAXS in this study. In order to confirm the 
disaepancy in the stress relaxation obseMltions of the SEPS/low-Mw oil gels, measurements, 
which are able to detect the mobility of the PS blocks, are required. 
6.2 SEEPS/paraftinic oil system 
6.2.1 Composition study 
Fig.6-S shows the stress relaxation for the low-Mw SEEPSlhigh-Mw gels. It was revealed that 
the relaxation modulus was dependent on the polymer conceuuation as was the case for the 
SEPSlhigh-Mw oil gels. The obtained m value for each sample is summarized in Table 6-4. It 
was obvious that the m value is also dependent on the polymer COncentIati"n. In addition, the 
values obtained for the low-Mw SEEPS gels swollen with more than 70wt"1o oil were larger 
than 0.02, which has been observed in lightly aoss linked rubbeJIl501• Therefore, these resuhs 
suggest that improvements in the stress relaxation behaviour would be required in the practical 
applications. 
Time I 8 
Fig.6-8 The composition dependence of!he s1ress relaxation for !he low SEEPS/bigh-Mwoil gels. 
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Table 6-4 The elfectofthe compositiOll 011 the m value in the low SEEPSArlgh-Mwoil system 
SEEPS concentration /wt% 20 30 60 
m value 0.10±0.01 0.07±0.01 0.01 ±0.005 
6.2.2 The effect of molecular weight of SEEPS copolymer 
The influence of the molea.dar weight of the SEEPS copolymer on the stress relaxation 
behaviour was also investigated, because it is expected that the higher molea.dar weight of 
polymers might have lower rates of the stress reIaxationl36l. Fig.6-9 shows the effect of the 
molea.dar weight of the SEEPS copolymer on the stress relaxation behaviow: The composition 
of the SEEPS-2Owt"/oIhigh-Mw oil-8Owt"Io gel was used. It was clearly observed that the 
obtained stress relaxation behaviours were very different from each other. With increasing 
SEEPS copolymer moIea.dar weight, the re1axation modulus decreased. As discussed 
previously (see section 4.5.1), this tnni made a good agreemem!361 with the prediction from the 
rubber e1asticity. When increasing molea.dar weight of the SEEPS copolymer, the molea.dar 
weight between the PS domains, which act as crosslink points, increases. As a result, it is 
believed that the magnitude of the modulus of the high-Mw SEEPS gel tends 10 be sma11er than 
that of the low-Mw SEEPS gel. 
In Table 6-9, the m va1ues obtained are summarized. h was clear1y observed that the m value 
was also dependent on the molea.dar weight of the SEEPS copolymer. Furthennore, the m 
values obtained forthe mid-Mw SEEPS and the high-Mw SEEPS gels were as close 10 the level 
obtained in cross1inked rubber (m-O.02jl5OJ, even though the polymer concellll ation was not so 
high. This fact suggests that the molea.dar weight of the copolymer is a very important 
parameter in the control of the stress relaxation of the gels. Therefore, it is possible 10 improve 
the stress relaxation of these styrene-based copolymer/oil gels by using an appropriate 
copolymer molea.dar weight. 
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Fig.6-9 The effectofthc molecular weight ofthc SEEPS copolymer. 
The composition of1be SEEPS-20wt"/..1Ugh-Mw oiI-80wt"1o gel was used. 
Table 6-5 The effect ofthc molecular weight of SEEPS copolymer 011 thc m value 
SEEPS low-Mw SEEPS mid-Mw SEEPS high-Mw SEEPS 
molecoar weight g/mol 83,000 230,000 280,000 
m value 0.10±0.01 0.02±0.005 O.02±O.005 
6.2.3 The effed of addition ofPPO 
The effect of the addition ofPPO on the stress re1axation of the high SEEPS/oll gels is reported 
in this section. The compositions of the high-Mw SEPS-l00phrlPPO-xphr/high-Mw oll-9OOphr 
gels with x=Ophr, 3.4phr and 2O.7phr were used in this study. The measurement of the stress 
relaxation was carried out at 40+ 1"C and 30"/0 def"onnation was used in this case, because it 
was expected that high temperature and a high defonnation level might provide differences 
among the samples. The resuhs are shown in FJ.g.6-10. In this figure, the data ofx=Ophr, 3.4phr 
and20.7phr are shown as (e), (0) and(~), respectively. hcan be seen, there1axationmodu1i 
of the both PPO added gels were identical and s1igbtly lower than that of the gel without PPO. In 
these cases, it is believed that the added PPO does not dissolve in the PS domains selectively 
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and that some PPO may be present in an inhomogeneous state. In addition, the PPO may hinder 
the developments of the networlc structure formed in the SEEPS gel. 
In table 6-6, the calculated m values are summarlzed. The m values obtained were identical in 
the range ofPPQ examined in this study. Therefore, it has not been detected that added PPO can 
provide the improvement in the stress relaxation of the SEEPs/oil gels. 
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Fig.6-10 The effect ofPPO addition Q111he stress relaxatiQII of1he high-Mw 
SEEPS-IOOpbrIPPO-xpbrlhigb.-Mw oil-9OOpbr gels. The data for x.=Opbr, 
3.4pbr and 20.7phr are shown as (e), (0) and (l:.), respectively. 
Table 6-6 The effect of1he PPO additiQII Q111he m values for bigh-Mw 
SEEPS-IOOpbrJPPO.xpbrlhigb.-Mwoil-9OOpbrgels 
PPO-Xphr o 3.4 20.7 
m value 0.06±0.01 0.06±0.01 0.06±0.01 
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6.3 V .. SIS/paraff'mic oil system 
6.3.1 Composition study 
Fig.6-U shows the composition dependence of the stress relaxation of the Vi-SISImid-Mw oil 
gels. It was clearly observed that the relaxation modulus was dependent on the polymer 
concentration. This tendency was in agreement with the other SEPs/oil and SEEPS/oil gels. In 
Table 6-7, the calculated m values are shown. The obtained data in the range examined in this 
study were s1ight1y higher than the literature data[l~) of m""'-'O.02, which was obtained for a 
liighly cross1inked rubber. Therefore, improvements in the stress relaxation of the Vi-SISIoil gels 
would be required for our practical application. Since it has been found in the previous section 
that the molecular weight of the copolymer is a very important fiIctor in contro11ing the stress 
relaxation, the Vi-SIS with an appropriately high molecular weight will be able to yield the 
necessary low rate of the stress relaxation. 
Vi-SIS-80% 
Vi-SIS-30"/o 
10~~~~~~~~~~~~~~ 
1 10 100 1000 10' 
Time /s 
Fig.6-11 The composition dependc:nce of the stress relaxation of the 
Vi-SISImid-Mw oil gels. 
Table 6-7 The composition dependmce of the m value for the Vi-SIS/mid-Mw oil gels. 
Vi-SIS concentration IwtlI 30 50 80 1 00 
m value 0.03±0.01 0.05±0.o1 0.03+0.01 0.05±0.01 
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6.4 Conclusions 
In this chapter, the stress relaxation behaviour for the SEPs/oil ge1s, the SEEPS/oil gels and the 
Vi-SIS/oil gels was examined and disrussed The resu1ts obtained lead to the following 
conclusions. 
(1) In the SEPS/high-Mw oil system, the relaxation modulus and the slope of the stress 
relaxation rate, m, are dependent on the polymer concentrations. 
(2) The m value obtained for the SEPS gels swollen with more than 70wt"/o oil are considerably 
higher than the literature data for m ....... 0.02 observed in highly crosslinked rubbers. 
(3) The above resu1ts indicate that the physical netwodc formed in the SEPS gels tends to be 
more flexible and mobile than those formed in the above mentioned rubbers. 
(4) In the SEPSlparaffinic oil system, it was confirmed that the m value of the stress relaxation 
largely depends on the molecular weight of the paraflinic oil used. This tendency can be 
explained by the swelling behaviour of the PS domains. From these results, it is concluded 
that the higher moleaJ!ar weight of the paraffinic oils are desirable for obtaining stronger 
crosslink: points and lower rates of stress relaxation. 
(5) An effect of the cooling process on the stress relaxation was detected for the SEPStlow-Mw 
oil gel. However, this effect was not ob!'eIVed in the SEPS/high-Mw oil gel. 
(6) In the SEEPS/high-Mwoil system, the relaxation modulus and the m value were dependent 
on the polymer concentration as was the case for the SEPs/oil system. 
(7) It was found that the molecular weight of the SEEPS copolymer was very important in 
improving the stress relaxation of the gels. 
(8) An effect of the addition ofPPO on stress relaxation was not detected. This tendency was in 
agreement with the morphology deduced from examination by TEM and SAXS. 
(9) In the Vi-SIS/mid-Mw oil system, the relaxation modulus was dependent on the polymer 
concentration. 
(10) A1though the m values obtained for the Vi-Sls/mid-Mw gels were a little higher than the 
literature data of m-G.2 for highly· crosslinked rubbers, the improvements in the stress 
relaxation behaviour should be posstble by using an appropriately high molecular weight 
Vi-SIS copolymer. 
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Chapter 7 
Damping properties 
As pointed out by Snowdon(6), the evaluation of the frequency and the temperature dependence 
of the dynamic storage modulus and tan 8 of damping materia1s is ~ important, when 
applying them to the practical uses. Damping materials have been classified(6) into two types by 
him: low-damping rubberlike materia1s and high-damping rubberlike materials. In the case of 
the low-damping rubberlike materials, the transition frequency of the materials occurs at ~ 
high frequency at room temperature, so that through the range of frequencies nonna1ly of 
concern in vibration problems, the modulus and tan 8 vary only slowly with frequency. On the 
other band, in the case of the higiHlamping rubberlike materials, the transition frequencies occur 
at or near frequencies that are nonna1ly of interest in vibration problems at room tettlpelature. 
Therefore, the dynamic storage modulus of these materia1s increases ~ rapidly with 
frequency. As a result, tan 8 is Imge and may vary relatively slowly with frequency. 
Regarding isolators for CD players and hard disk drives, the main function of the isolators for 
. data recording and regenerating devices is to reduce the transmissibility of outside disturbances 
to the devicestJ). If the stiflhess of the isolator is decreased in order to reduce the transmissibility, 
the natura1 frequency of the system becomes lower, which is harmful for high-speed data 
recording and regenerating systems in the case that frequency levels from outside meet at the 
natura1 frequency. The resonant vibration of these devices can be avoided either by operating the 
devices far from natura1 frequencies by controlling the stiffuess of isolators or by increasing the 
damping ratio (loss fiIctor) of isolators to reduce the transmissibility. From this point of view, 
materia1s of isolators are required to yield the low stiflhess for the former approach or to obtain 
the high damping ratio for the 1atter approach. If materials of isolators are high-damping 
rubber1ike materials, the latter approach can be poSSIble. 
In this chapter, the dynamic storage modulus and tan 8 were investigated to understand the 
characteristic behaviour of the po1ystyren~based tnblock copo1ymer gels. Furthermore, in order 
to examine the performance of these gels as damping isolators, the measurements of the 
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transmissibility!2. I~ of the mechanical vibration were carried out. Finally, the relationship 
between damping properties and the morphology is discussed. 
7.1 SEPS/paraff'mic oil system composition study 
7.1.1 Dynamic mechanical analysis 
Figs.7-1 (a), (b) and (c) show the frequencr dependence of the storage modulus, 0', the loss 
modulus, 0" and tan 8 (=G" /0') for the SEPSlhigh-Mw oil gels with different compositions. 
The DMTA measurements were carried out by use of the shear mode with a mean strain of 
1.0"10. As seen in Fig.7-1 (a), the magnitudes of 0' and G" are dependent on the polymer 
concentration Another noteworthy feature ofFigs.7-1(a) and (b) is that (J exceeds G" over the 
entire range of the frequency examined by about an order of magnitude, even for the 10wt% 
polymer of gel. The above solid-like character is indicative of a physical gel[l96, 197]. 
As seen in Figs.7-1 (a) and (b), (J is independent of the frequency in the range examined in this 
study. However, a frequency dependence of 0" was found and it became more prominent with 
deaeasing polymer coru:en1Iation. Consequently, the frequency dependence of tan 8 showed 
the same tendency obsaved in G", as seen in Fig. 7-1 (c). WIth inaeasing oil component, the 
frequency dependence of tan 8 was clearly enhanced. The above tendencies for 0' and G" in 
similar physical gels have been reported by many ~ 1961. However, the explanation 
for the frequency dependence of G" for oil-rich gels has not been cleared[J1!, 1961. Further study is 
required to investigate this trend. 
7.1.2 Transmissibi1ity ofmtdtanical vibration 
Fig.7-2 shows typical resuhs for the frequency dependence of the transmissibmty!9,IOJ• In this 
figure, the resu1ts for the SEPS-20wt%,{high-Mw oil-8Owt% gels are shown. The measurements 
were carried out at four excitation leve1s, 1.0,2.0,2.8 and 3.2 rnli', for each sample in this study. 
As can be seen in this figure, the investigated materials did not show dependence on the 
excitation levels. Therefore, the average transmissibility was obtained from the results. In order 
to determine the damping parameters, curve fitting using the Excel solver programme was 
applied to the average transmisst'bility. The calcu1ated parameters are summarized in Table 7-1. 
As discussed previously, the mass of the a1ur.tinium plate ofO.074kg, m, was used to mimic the 
mass of a turn table ofa CD player. 
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Fig. 7-1 Frequency cIepmde.noo of1he storage modulus (a),1he loss modu1us (b) 
and tan is (c) for 1he SEPSAIigh-Mw oil gels. 
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tl1e SEPS-20wt%lhigh-Mw oil-80wt% ge\. 
Table 7-1111e calculaled dampu1g parameters 
Parameters LJni ts Symbol yaltles 
Mass kg m 0.074 
Natural frequency Hz w 57.5 
Damping ratio ~ 0.082 
Damping coefficient kg/s c 4.37 
Stiffness N/mm k 965 
The parameters listed in the table were detelmined by equation (2-28), which is shown again as 
equation (7-1 ). 
[ ]"' X 1+ (2rs) ' Y = (I - r ' )' + (2rs) ' (7-1) 
s = C /(2mm) (7-2) 
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X and Y denote the amplitude of the upper plate and the base motions, respectively. ,is ca\led 
as damping ratio. (j) = .j k I m is the natural frequency. K and C are stiflhess and damping 
coefficient, respectively. r in equation (7-1) is the frequency ratio of the practical and the natural 
frequency. 
Fig.7-3 shows the frequency dependence of the transmissibility of the SEPSlhigh-Mw oil gels 
with different compositions. The plotted data are the average of the fuur measurements with 
different eccitation levels. In Table 7-2, the calculated damping parameters fur the above data 
are summarized. As seen in the both the figure and the table, with decreasing polymer 
concentration, the natural frequency of the damping system decreased. Since maximum 
transmissibility obtained fur each sample showed the same level approximately, the calaJIated 
damping ratios were almost identical. These resu1ts indicate that the addition of the paraffinic oil 
to the SEPS copolymer can effectively expand the damping region in which the transmisSIbility 
is less than 1.0 and keep the maximum transmissibility at a constant level. A1though the 
maximum transmissibility in the SEPSlhigh-Mw oil gels showed a level higher than 5, it was 
confirmed that the addition of the paraffinic oil is useful in controlling the damping region for 
practical applications. 
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Fig. 7-3 Frequency depmdence of the transmissib~ for the SEPSIhigb.-Mw oil systems. 
The plotted data are 1he average data from the four measurements at different excitation 1evels. 
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Table 7-2 The calculated damping parameters for the SEPS/oil systems. 
Parameters Units SEPS-20wt% SEPS-3Owt% SEPS-50wt% SEPS-80wt% 
Natural frequency Hz 57.5 81.2 127.7 396.3 
Damping ratio 0.082 0.068 0.084 0.077 
Damping coefficient kg/s 4.37 5.16 9.94 28.54 
stiffness N/mm 9.65 19.26 47.65 458.9 
7.2 Study of the effect ofmolecuJarweight oCparatTmic oils in SEPSlparatTmic oil system 
7.2.1 Dynamic mechanical analysis 
Figs.74 (a), (b) and (c) show 61, OH and tan 5 fur the SEPS-20wt"/Joil-80wt"1o gels with 
different molecular weights of paraffinic oil. As can be seen from Fig. 74 (a), the magnitude of 
61 was independent of the molecular weight of the paraffinic oil and was also essentially 
independent of the frequency. However, the frequency dependence of Oil of the gels was 
different from each other. When using high-Mw oil, Oil increased with inaeasing frequency. On 
the other hand, when using low-Mw oil, the loss modulus increased in the low frequency region. 
Consequently, tan 5 also showed the same tendency as the loss modulus fur all samples, as seen 
in Fig.7-4 (c). 
The measurements at low frequency 1eve1s correspond to measurements on a long-time scale. 
As discussed previously in the stress relaxation section (See section 6.1.2), the stress relaxation 
rate was dependent on the molecu1ar weight of paraffinic oil due to the swelling behaviour of the 
PS domains with low-Mw paraffinic oils. Thelefore, it can be concluded that the higher loss 
modulus at low frequency level was also caused by the swelling behaviour of the PS domains. 
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7.2.2 ThmsmissibiIity of mechanical vibration 
Fig.7-S shows the frequency dependence of the transmissibility of the SEPS-20wt"/oIoil-80wt"1o 
gels with different molecu1ar weights of paraftinic oil. The plotted data were the average data 
from the resuIts of the four excitation levels. The calculated damping parameters are also 
reported in Table 7-3. As seen in the both the figure and the table, the natura\ frequency was 
independent of the molecu1ar weight of paraffinic oil. The maximum values of the 
transmissibility obtained at the natural frequency were slightly different. Therefore, the 
calcu\ated damping' ratio of the SEPS/bigh-Mw oil gel was slightly higher than those of other 
gels. As discussed later, the damping ratio is related, in general, to tan II [200]. As seen in Fig. 74 
(c), tan II of the SEPS-20wt"/oIhigh-Mw oil-8Owt% gel at high frequency level was higher than 
those of other gels. The difference of the damping ratios may be attributed to the differences of 
tan II of the samples. 
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Fig.7-5 The effect of the mo1ecularweight of the oil 011 the 1rmsmisg'bility 
of the SEPS-20wt"/oIoil-80wt"1o gels. 
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Table 7-3 The ca1cuIated dampingparamet:en for1he SEPS-20wt"/oIoil-80wt"1oge1 
wi1h different molecular weights of oil. 
Parameters Units high-Mw oil mid-Mw oil low-Mw oil 
Natural frequency Hz 57.5 58.3 56.0 
Damping ratio 0.082 0.059 0.051 
Damping coefficient kg/s 4.37 3.22 2.66 
Stiffness N/mm 9.65 9.94 9.16 
7.3 Study of the effect of the cooling process for the SEPSIparaft"mic 00 system 
7.3.1 Dynamic mechanical analysis 
Figs.7-6 (a) and (b) show the frequency dependence of 0', G" and tan 8 for the 
SEPS-30wt%/high-Mw oil-70wt% gels prepared by 1he two different cooling processes. As 
seen in both figures, there was no difference in the dynamic moduli between the quenched and 
1he slow cooled samples. Consequently, tan5 of the both samples did not show percepb."ble 
differences, as seen in Fig. 7-6 (b). The above results are in good agreement with the resuhs of 
1he morphology obtained by TEM and SAXS. (See section 4.3.2 and 4.3.3.) 
7.3.2 Thmsmissibility of mechaDical vibration 
Fig.7-7 shows the frequency dependence of transmiSSl"bility for the SEPS-30wt"/oIhigh-Mw 
oil-70wt"/o gels prepared by 1he different cooling processes. In Table 7-4, the caIcuIated damping 
parameters are summarized. As seen in the both the figure and the table, the cooling processes 
used in 1his study did J?Ot noticeably influence the transmissibility behaviour. These results are in 
agreement with 1he resu1ts of1he frequency dependence of the dynamic moduli. 
7.4 SEEPSIparaft"mic 00 system composition study 
7.4.1 Dynamic mechanical analysis 
Figs.7-8 (a), (b) and (c) show the frequency dependence of 0', 0" and tan 8 for the low-Mw 
SEEPSlhigh-Mw oil gels at different compositions. As can be seen in Fig. 7-8 (a), 0' was 
essentially independent of the frequency as was the case for the SEPSlparaffinic oil system 
However, G" increased with increasing oil component, as seen inFig. 7 -8 (b). Consequently, the 
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frequency dependence of tan 5 was similar to that ofG", as seen in Fig.7-8 (c). This trend was 
identical to that observed in the SEPS/paraffinic oil system. 
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Table 7-4 The calculated damping parameters for the SEPS-30wt"/oAUgh-Mw oil-70wt"1o gels 
prepan:d by the two different cooling processes. 
Parameters 
Natural frequency 
Damping ratio 
Units 
Hz 
Damping coefficient kgls 
Stiffness N/mm 
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7.4.2 Thmsmissibility of mecl1anical vibration 
Fig.7-9 shows the frequency dependence of the low SEEPSIhigh-Mw oil gels at two 
compositions. The plotted data were the average transmissibility obtained from the 
measurements of the four different excitation levels. In Table 7-5, the calculated damping 
parameters determined are summarized. Even though measurements on only two samples for 
this series were carried out, the trend obtained for the transmisSibility was similar with that 
observed in the SEPSloil system. That is, with decreasing polymer CODcentlation, the natural 
frequency of the damping system decreased. Therefore, in practice, the damping region can be 
expanded by controlling the polymer concentration. 
The maximum value of the transmissibility observed around natural frequency showed still 
higher levels. If the systems are suffering from vibrations of the natural frequency level, harmful 
situations can be caused Therefore, high damping of the system should be required for practical 
uses. inputs of the natural frequency leve~ the improvements of the low damping of the system 
should be required for the practical uses. 
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Table 7-5 The calculated damping parameters for 1he low-Mw SEEPSIbigh-Mw oil 
gels wi1h different compositions. 
Parameters Units SEEPS-20wt.% SEEPS-30wt% 
Natural frequency Hz 65.6 91.7 
Damping ratio 0.060 0.080 
Damping coefficient kg/s 3.63 6.78 
Stiffness N/mm 12.55 24.56 
7.5 Study of the effect of molecular weight of SEEPS copolymer 
7.5.1 Dynamic mechanical analysis 
Figs.7-10 (a), (b) and (c) show the frequency dependence of 0', G" and tan 6 for the 
SEEPS-20wt"/alhigh-Mw oil-8Owt"Io gel with different molewlar weights of the SEEPS 
copolymer. As can be seen in Fig. 7-10 (a), 0' was essentia11y independent offrequency for all 
the samples. However, the magnitude of 0' depended on the molewlar weight of the SEEPS 
copolymers. With increasing polymer molewlar weight, 0' decreased over the range examined 
in this study. This tendency is in good agreement with the results of the prediction from the 
rubber elasticity theory (See section 4.S.ljlll7l. It can be concluded that the dynamic modulus is 
determined by the molewlarweight between the physical crosslink points[l34, 198). 
Another feature worthy of mention is related to tan 6 . As can be seen in Fig. 7-1 0 (c), tan 6 was 
also dependent on the molewlarweight of the polymer. As the molewlarweight of the SEEPS 
copolymer increases, tan 6 increased. Further investigations of the frequency depend=overa 
wider range of temperature are required to comprehend this trend. 
7.5.2 TransmissibiIity of mechanical vibration 
Fig.7-11 shows the frequency dependence of the transmissibility for the SEEPS-20wt"/alhigh-
Mw oil-80wt"1o gels with different SEEPS copolymer molewlar weights. In Table 7-6, the 
calcu1ated damping parameters are summarized. As can be seen in the both the figme and the 
table, the natural frequency depended on the molew1ar weight of the SEEPS copolymers. It is 
believed that these results were associated with the stiffhess of samples. On the other hand, there 
were no noticeable differences of the damping ratios among these samples examined. It was 
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confinned tbatthe molecu1arweight of the SEEPS copolymer did not affect the damping ratios. 
From these resuhs, it can be said that it is poSSIble to control the damping region by altering the 
molecu1arweight of the SEEPS copo1ymers. 
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Fig. 7-11 The cffec:tafdle molccularweigbt afdle SEEPS 
copolymer OIl1ransmissibility. The SEEPS-20wt"/cJhigh-Mw-80wt"1o 
gels were used. 
Table 7-6 The """,dated dmnping paI'lIIIleIers. The SEEPS-20wt"/oIhigh-Mw -80wt"1o 
gels were used. 
Parameters Units Iow-f.1w SEEPS mld-Mw SEEPS hiJh-Mw SEEPS 
Natural frequency Hz 65.6 47.4 44.8 
Damping ratio 0.060 0.068 0.059 
Damping coefficient kg/s 3.63 2.99 2.44 
Stiffness N/mm 12.55 6.55 5.87 
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7.6 Study of the effect of the addition ofPPO into the SEEPS/paraffinic oil gels 
7.6.1 Dynamic mechanical analysis 
Figs.7-12 (a), (b) and (c) show the frequency dependence ofG', Got and tan 45 for the high-Mw 
SEEPS-l00phrIPPO-xphrlhigh-Mw oil-4OOphr gels. In this study, x equal to 3.4, 7.8 and 
20.7phr were used. As seen in Figs. 7-12 (a), (b) and (c), there is no strong effect of the addition 
ofPPO on the dynamic moduli. These results are expected from the results of the morphology 
obtained by TEM and SAXS.( See section 4.6.2 and 4.6.3) 
7.6.2 Thmsmissibility of mechanical vibration 
Fig.7-13 shows the frequency dependence of the transmissibility of the high-Mw 
SEEPS-l00phrIPPO-xphr/high-Mw oil-4OOphr gels. Table 7-7 lists the calculated damping 
parameters. As for the dynamic moduli, therewas no noticeable effect of the addition ofPPO on 
the IIlItUIal frequencies and the damping ratios. Therefore, it can be said that the addition ofPPO 
does not affect the dynamic modulus and the damping properties to any commercially 
interesting extent. 
7.7 V ... SIS/paraffmic oil system composition study 
7.7.1 Dynamic mechanical analysis 
Figs.7-14 (a), (b) and (c) show the frequency dependence of G', G" and tan 5 for the 
Vi-SlSImid-Mwoil system at different co~ons. As seen in Fig. 7-14 (b), the magnitudes of 
the loss modulus were higher than those of other systems investigated in this study. The reason 
for this is that the glass transition temperature of the Vi-I block is located near room 
temperature11701. With increasing oil component, the Tg of the Vi-I block decreased in 
accordance with the Fox equation, which has been already confirmed by M-rose. (See section 
4.7.1) 
Another feature is that both G' and G" show a frequency dependence. Consequently, tan 5 of 
this system also exhibits a frequency dependence. As discussed earlier in this chapter, it was 
shown by Snowdon[6) that high-darnping materials show a frequency dependence of the 
dynamic moduli and tan 5 , becIDlse the transition point is close to room temperatures. From this 
point of view, the Vi-SIS/oil system can be categorized as a high-damping rubberlike material. 
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Fi2-7.13 The clfec:t ofPPO on the traDsmissibility ftequency drpendenre 
The sample was 1hehigh-Mw SEEPS-lOOpbrJPPO-xphrAligh-Mw oil-400pbr gel 
Table 7·7 The caIcuIatcd damping paI1IIlIeters. The sample was the high-Mw SEEPS-lOOpbrI 
PPO-xphrlhigh·Mw oil-400pbr gel 
Parameters Units x=Op/r x=3.4t>hr X=7.801r x=20.701r 
Natural frequency Hz 44.8 42.8 40.1 43.8 
Damping ratio 0.059 0.061 0.056 0.061 
Damping coefficient kgIs 2.44 2.42 2.08 2.50 
stiffness N/mm 5.87 5.35 4.69 5.60 
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7.7.2 Transmissibility of mechanical vibration 
Fig.7-1S shows the frequency dependence of the transmissibility of the Vi-SISImid-Mw oil 
systems at different compositions. In Table 7-8, the calculated damping parameters are 
summarized. As can be seen in the both the figure and the table, the natural frequency depends 
on the polymer concentlation, as the SEPS/high-Mwoil system and the low-Mw SEEPS/high-
Mw oil system. However, a striking feature can be fotmd in this system, which is very different 
from these systems. The maximum values of the transmiSSIbility obtained around the natural 
frequency were very nruch lower. Consequently, the calcu1ated damping ratios of these systems 
were higher than those of the other systems. 
It should be mentioned that the damping ratio was also dependent on the polymer concentration 
in this system. It is believed that this tendency corresponds to the same tendency in tan 5 . WIth 
increasing oil component, the Tg of the Vi-I block decreased. Consequently, 
tan 5 values of the Vi-SIs/mid-Mw oil systems, at room temperature, decreased. 
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Table 7-8 The calculated damping parameIm for the Vi-SISlmid-Mw oil systems 
at different compositions. 
Parameters Units Vl-S1S-~ V.-SIS-8Owt% Vl-SIS-l00wt% 
Natural frequency Hz 108.7 228.8 1340.7 
Damping ratio 0.191 0.410 0.519 
Damping coefficient kg/s 19.30 87.20 647.21 
Stiffness N/mm 34.53 152.93 5250 
In Fig. 7-16, the frequency dependence of the transmiSSIbility of another damping compound, 
which has been recently developed by Bridgestone Corporation and used in practical damping 
systems, is presented. This compound[199) is composed of a polyisobutylene-polypropylene graft 
copolymer and a plasticizer. In Fig. 7-16, the data for the Vi-SIS-50wt"1o lmid-Mw oil-50wt"1o 
system and the Vi-SIS-80wt"/oImili-Mw oil-20wt% system are plotted to compare them with 
that of the Bridgestone compound. As can be seen, the Vi-SIS-8Owt"Io system showed a very 
similar transmissibility to the Bridgestone compound. Although the Vi-SIS-50wt"1o system has a 
slightly higher maximum transmissibility value, the damping region can be expanded effectively 
by altering the composition of the system. Therefore, these results proved that the VI-SISlmid-
Mw oil system has a very good potential in practical applications. 
7_8 Discussion 
Relationships between tana, damping ratio and morphology 
In this sIudy, the damping IlItio has been determined by mechanical V1bIlltion measurements and 
tan {j va1ues for the materia1s have been measured by DMTA in the shear mode. In this section, 
the relationship between these parameters is disa.Issed because the damping IlItio is an important 
factor in the design and the formulation of the practical damping systems. It is believed that 
understanding this relationship effectively promotes the development ofnew damping materials. 
Snowdon[6) proposed the following equation to reIate the physical properties of practical 
damping materia1s with transmisSIbility. The dynamic properties of practical damping materia1s 
vaIY with frequency and temperaturtP· 6]. 
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Fig.7-16 Comparison the Vi-SISImid-Mwsystem with the Bridgestone 
damping compound. 
(7-3) 
where tan {j (Q) B) is the tan Il value corresponding to the frequency of the input. 0'( Q» and 
0'( Q) B) are the storage moduli corresponding to the natural frequency and the frequency of the 
. input, respectively. The term of tan Il (Q) B) in this equation can be equated to the ~(:: ) 
term in equation (7-1). Therefore, the following equation can be derivedllOO1. 
(7-4) 
From this equation, if tan Il corresponding to the natural frequency is known, the following 
relation can be predictedllOO1. 
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("" tan8(w) 
. 2 
(7-5) 
In this study, the value of tan 8 of the materials at the natmaI frequency cannot be determined by 
DMfA Instead of these values, the tan 5 value at 20Hz were used in this study to investigatethe 
relationship between the damping ratio and the tan 5 value. The results obtained are plotted in 
Fig.7·17. In this figure, the blue marks, the black marks and the red marks represent the data for 
the SEPs/oil system, the SEEPs/oil system and the Vi-SIS system, respectively. The circle 
marks, the triangle marks and the square marks represent the morphology of the spherical, 
hexagonal and lamellar types, which have been detennined by TEM and SAXS. The linear 
relation between tan 5 and damping ratio can be expected from the equation (7-5). Therefore, 
the solid line is shown as the guide of the lintar line with the slope of 0.5 in this figure. However, 
the slope for the best fitting linear line for the all data was 0.8. 
From this figure, the following features can be noted. With increasing values of tan 8 , the data 
were deviated from the linear relation with the slope of 0.5. This deviation can be explained as 
follows. The materials with high values of tan 8 , such as the high-darnping rubberlike materials, 
have a tan 5 frequency dependencJ6J• Consequently, tan 5 values of the materials around the 
natural frequency should be highet: However, the materials with low tan 8 value, such as the 
low-darnping rubber1ike materials, showed tan 5 independence of frequency. As a result, the 
values of tan 5 at 20Hz may be substituted for the prediction of tan 5 at the natural frequency. 
However, for the prediction of the damping ratios of the high-damping rubberlike materials, 
such as the Vi-SISImid-Mw oil system, the measurements of tan 5 at higher frequency is 
required. 
It can be also concluded from the results that the morphology formed in these gels does not 
influence the damping ratio noticeably. Therefore, the important factor for controlling the 
damping ratio and the maximum transmissibility of the damping systems is to design the 
transition points, such as the g1ass transition temperature, to occur at room temperature, as was 
seen in the Vi-SIS/mid- Mw oil case. 
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Fig.7-17 The relationship between tan 0 and damping rntio. 
The blue marks, the black marks and the red marks represent 
the data for the SEPSloil system, the SEEPSloil system and the Vi-
SIS system, respectively. The circle marks, the triangle marl<s and 
the square marks represent the spherical, hexagonal and lamellar 
motphologies, respectively. The solid linear line has a slope of 0.5. 
The dashed line is the best fitting linear line with a slope of 0.8. 
In this chapter, the measurement of the transmissibility of mechanical vibrations has been 
carned out for the polystyrene-based triblock copolymer gels to analyse the possibility of 
applying these gels to the practical damping applications, such as in the isolator of a CD player. 
The effects of formulation variables such as the composition ratio, molecular weights of the 
paraffinic oils and of the triblock copolymers, on the transmissibility of mechanical VIbration 
were examined to obtain important information for these practical applications. The conclusions 
obtained from these studies are as follows. 
SEPS/paraffinic oil system: 
(1) With increasing oil concentration, the storage modulus decreased and showed an 
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independence of frequency. In the same manner, the loss modulus also decreased. However, 
a frequency dependence of the loss modulus was found and it became more prominent. 
(2) The transmissibility of the vibration for the gels all showed excitation level independence. 
(3) It was confinned, from the measurements of the transmissibility of mechanical vibration, 
that control of the damping region can be achieved by changing the oil concentration. 
(4) A1tering the molecular weight of the paraffinic oil did not influence the storage modulus of 
the gel. However, using lower molecular weight of oil increased the loss modulus at low 
frequency. It is believed that this result is due to the swelling behaviour of the PS domains. 
(5) The molecular weight of the paraflinic oil did not noticeably affect the transmissibility of 
mechanical vibration. 
(6) There were no differences in the dynamic moduli and the transmissibility of mechanical 
vibration between the quenched and the slow cooled samples. 
SEEPS/paraffinic oil system: 
(7) The behaviours of the storage and the loss moduli, with respect to frequency, were simi1ar to 
those of the SEPS/paraffinic oil system. 
(8) Altering the molecular weight of the SEEPS copolymer affected the magnitude of the 
storage modulus. Consequently, the natural frequency of the damping system was reduced 
by using a higher molecular weight polymer. On the other hand, the calculated damping 
ratio was not influenced by the molecular weight of the polymer. 
(9) The effects of the addition of PPO on the dynamic moduli and on the transmissibility of 
mechanical Vlbration were not detectable. 
Vi-SIS/paraffinic oil system: 
(10) Frequency dependences of the both moduli were observed and this system showed high 
tan 5 values more than 0.1 at 20Hz. These resuhs proved that this system is categorized as a 
high-damping rubberlike material. 
(11) With increasing addition of oil, the loss modulus decreased. This trend was associated with 
movement of the glass transition temperature of the Vi-SIS block. 
(12) Since some compositions showed similar transmissibility to that of the Bridgestone 
damping compound, it can be said that this system has the potential to be applied in 
practical applications. 
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(13) As the oil concentration increased, the natural frequency and the damping ratio were 
reduced. It is believed that the trend in damping ratio corresponds to the tan 6 behaviour 
with respect to the addition of paraffinic oil. 
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Conclusions and future work 
8.1 Conclusions 
The IllOIPhology and the physical properties of three systems of styrene-based tnblock 
copolymers and paraffinic oils have been studied in this research. The order-disorder transition 
behaviour of the block copolymers swollen with the paraffinic oil was also investigated using 
M·roSC. Furthermore, the measurements of transmisSIbility of mechanical VIbrations were 
conducted and the damping parameters, such as the natural frequency and the damping ratio, 
were calculated by a theoretical model. Based on the resu1ts obtained from this study, the 
following collclusions can be drawn. 
(1) The behaviour of the g1ass transition temperature of the EP block in the SEPS block 
copolymer was studied by M·roSC. The depression of the Tg of the EP blocks, due to the 
addition of the paraffinic oil, were observed and the decrease in Tgs were in agreement with the 
Fox equation These experimental results suggest that the added oil with moleaJ!ar weight of 
1250 Wmol is selectively misctble with the EP blocks in the SEPS copolymer. The morphology 
formed in the SEPSlparaffinic oil physical gel was investigated by TEM and SAXS. The 
lamellar, the hexagonal packed cylinder and the spherical morphologies were observed. The 
structure obtained depended on the composition of the polymer and the oil. Stress relaxation 
was studied by DMTA with the compression mode. It was proved that the stress relaxation rate 
was also dependent on the composition of both the polymer and the oil. The frequency 
dependences of the storage and the loss moduli were studied by DMTA The magnitudes of the 
both moduli were also dependent on the polymer concentration It was confirmed for the gels 
with an oil·rich composition that G is independent of the frequency and G" is dependent on the 
frequency. These typical bebaviolU"S of both moduli were in good agreemJ8,I96] with the 
characteristics of similar physical gels. It was proved from the transmissibility measurements 
that the nsturaI frequency of the damping system can be controlled by the composition of the 
polymer and the oil. On the other hand, the damping ratio was independent of the composition 
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(2) The effects of the molecular weight of the paraffinic oil on the morphology and the physical 
properties were also investigated. It was confirmed, by TEM, that the morphology of the SEPS 
gels swollen with the paraffinic oil with the molecular weight of 5 10 glmol showed two domain 
sizes. It was believed that the huge domains of PS blocks were the result of the swelling 
behaviour with the paraffinic oil. In accordance with the above resuhs, it was confinned by 
DMTA that the stress relaxation rate and the loss modulus at low frequency were strongly 
influenced by the molecular weight of the paraffinic oils. On the other hand, it was seen that the 
damping parameters were independent of the molecular weight of the paraffinic oils. These 
resu1ts suggest that the selection of the paraffinic oil is a very important factor in the control of 
the physical properties of the styrene-based tnblock copolymer gels. 
(3) The effects of the cooling processes on the morphology and the physical properties were also 
elucidated. There were no significant differences in the morphology and the dynamic moduli of 
the quenched and the slowly cooled samples examined in this study. Consequently, the cooling 
processes did not affect the damping parameters of the system. This feature of the physical gels 
can be cowtted as an advantage in the mass production of these gels for practical industrial 
applications. 
(4) The SEEPS tnblock copolymer system swollen with paraffinic oils showed a simi1ar 
composition dependence of the motphology and the physical properties to those of the 
SEPS/paraffinic oil gels. The natural frequency of damping system of the SEEPS gels can be 
controlled by aIteting the composition. However, the maximum transmisstbility around the 
natural frequency was relatively large for use as insulators in CD players. 
(5) The effect of the tota1 molecular weight of the SEEPS copolymer on the morphology and the 
physical properties was also investigated WIth increasing polymer molecular weight, the size of 
the spherical polystyrene domains and the interdomain spacing increased. In addition, the &tress 
relaxation rate was dependent on the molecular weight of the polymer. It is believed that this 
resu1t is very important for improving the &tress relaxation rate of these gels. Moreover, the 
storage modulus of the gels decreased with increasing polymer molecular weight. This trend can 
be explained by rubber elasticity titeoryPlI7.198]. Consequently, the natural frequency of the 
damping system was slightly influenced by the molecular weight of the polymer. 
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(6) Although the effects of the addition of poly (2,6-dimethyl.1,4-phenylene oxide) on 
morphology were investigated, there were no significant differences between the 
SEEPSlparaffinic oil gels with and without PPO. The resuhs indicated that the miscibility of the 
PPO with the PS domains was very low. Consequently, there was no noticeable effect of the 
addition ofPPO on the damping parameters. 
(1) The system composed of the Vi·SIS triblock copolymer and the paraffinic oils showed 
depressions of the Tg of the Vi·I bloclcs with added oil. However, since the Tg of the Vi·I bloclcs 
occur near to room temperatme, the dynamic moduli and the energy absorption level were VfrJ 
different from the other systems. It is believed that this system can be categorized a 
high-damping rubberlike material. Consequently, the damping ratios of the Vi.SIS/paraffinic oil 
systems were very high and it was proved that this system has high potential to be used for 
practical damping applications. 
(8) Several factors affecting the order-disorder transition shown by these block copolymers were 
also investigated by M·mSC. AB a result, it was confirmed that the Tods were readily detected 
by M·1DSC as abrupt step changes in the heat capacity. The Tods of the block copolymer gels 
were dependent on the composition of the polymer. With increasing polymer concentration, the 
Tods increased. This trend was in good agreement with the 1iterature datap7,39] obtained by both 
SAXS and conventional DSC. The values of t:. Cp at Too showed the enthaIpy change in the 
overall heat of mixing was caused by the presence of endbloclc-midblock segment contacts in 
the disordered state. Therefore, t:. Cp at Too can be used as a parameter to represent the 
interface region and the degree of order in the structures. It was shown that the Tod was 
independent of the heating rate. The Tods of the block copolymer gels were dependent on the 
total molecular weight of the polymer. From the above resuhs, M·1DSC can be added to SAXS 
as a technique for the investigation of the order -disorder transitions in block polymers. 
(9) From the overall resuhs, it is believed that the present study has provided useful infonnation 
for designing and developing the block copolymer gels swonen with the paraffinic oil for the 
practical applications, such as insulators of low mass systems. Also, the resuhs of the 
order-disorder transition behaviour of the block copolymer obtained by M·1DSC are very 
valuable, especially for industIy. 
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8.2 Recommendations for future work 
In this section, some important points for future work are disaJssed. This study was concluded 
in the previous section, but this does not mean the "end" of this work. Some suggestions for 
further work are now presented. 
Quantitative analysis of heat capacity 
It is believed that this order-disorder transition investigation by M-rosc is first attempt to 
understand this transition by using heat capacity measurements. As seen in chapter 5, this 
challenge was very successful. However, since the scatter in the 11 Cp at Tod data was relatively 
1arge, further refinements are needed One of the reasons for this scatter may be associated with 
the contBct between the sample and the sample pan. As disaJssed in section 5.1.4, at 
temperatures over the Tod, the sample did not maintain its position in the sample pan. This 
problem needs to be resolved. In order to solve this problem, a sealed type of a sample pan to 
assure the appropriate contact between the sample and the sample pan should be required. Once 
the quantitative ana1ysis of the 11 Cp at Tod is made highly reliable, qnantitative sludies of the 
X parameter will be posSIble. 
Transmissibility measurements 
In this study, the measurements of the transmisSIbility of mechanical vibration was canied out at 
room temperature only, beau 'se the equipment for the measurements was not able to operate at 
elevated temperatures. In orderto obtain more detailed information for practical applications, the 
temperature dependence of the transmisstbility needs to be investigated. 
Further improvement of the damping properties of these physical gels at higher temperatures 
will be required. Very recently, Walker et alP96J reported that SEBSloil physical gels with a 
SIDSll addition of syndiotactic homopolystyrene showed remarkable improvements of moduli 
and interesting morphologies. This research is a good example of the importance of the further 
developments towards higher temperatW'e applications. 
Morphology control 
Recently, a mnnber of sludies have been canied out on the mechanism and dynamics of the 
structure ordering process of polymer blends quenched inside the spinodal phase ~. 
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Therefore, many attempts have been made to pin down or lock-in the unmixing domain 
structures at various stages of spinodal decomposition[13O,2011• One of the possible ways to pin 
down the growth of the urunixing structures is a chemical~. Morphology control of 
polymer blends of polyisoprene and styrene-butadiene copolymer was investigated by the 
chemical pinningI2OlJ, which was induced by crosslinking of unsaturated diene polymers with a 
peroxide. 
In this study, the Tod of the Vi-SIS-SOwt"/clmid-Mw oil-SOwt"Io gel was found at IS0+S"C by 
.. M-TDSC. It is believed that the morphologies of the gel above the Tod and below the Tod 
should be different each other. Consequently, the physical properties should be different. The 
relation between morphology and physical properties ofpolymer blends is the one of the hottest 
issues for industryl'"19]. If the morphology above the Tod can be pinned down, the physical 
properties should be different from that of the morphology without pinning. As mentioned 
above, it is believed that one of the poSSIble ways to pin down the morphology is use of a 
peroxide, because Vi-SIS includes carbon-carbon double bonds. Therefore, it is poSSIble to 
investigate the fixing tempe:ature dependence of the morphology and physical properties. It is 
believed that M-TDSC technique will certainly be useful for this investigation. 
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Appendix 1. A schematic diagram of a mould 
Fig.9-1 is a schematic diagram of the mould used forthe preparation of the compressed samples. 
(See Chapter 3.) 
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Fig.9-1 A schematic diagram of the mould 
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